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PAPERS 


% SECURITY FROM UNDER-SEEPAGE 
MASONRY DAMS ON EARTH FOUNDATIONS 
By E. W. LANE?!, M. AM. Soc. C. E. 


SYNOPSIS 


This paper gives the results of an investigation of more than two hundred 
masonry dams with various kinds of earth foundation, to determine the length 
of the percolation path necessary to prevent failure from under-seepage or 
piping. Based on this study, a new method of analysis of such structures has 
been developed, which generally permits the use of smaller seepage distances 
than are ordinarily considered to be safe. 

When a masonry dam is founded on earth, some of the water from the 
reservoir percolates beneath it and appears on the down-stream side. If 
the velocity of the flow where it emerges is sufficient, particles of the founda- 
tion material will be carried away by the water, and thus decrease the 
resistance to the percolation. The result is an increased velocity and greater 
erosion, ultimately causing the formation of a channel or “pipe” beneath 
the dam, which may enlarge rapidly and cause the failure of the structure. 
This process is known as piping. To prevent piping it is necessary to design 
the dam so that the velocity of the seepage water as it emerges on the down- 
stream side is insufficient to remove the foundation material. This is 
accomplished by making the route along which the water may percolate of 
such a length that the velocity of flow is reduced to a safe value. The investi- 
gation described herein was undertaken to determine from data on actual 
dams the length of the percolation path necessary to insure safety for dams 
founded on various kinds of material. 

A more complete report, including drawings that show dimensions and 
typical sections of all the dams, as well as a comprehensive bibliography has 
been filed for research purposes in Engineering Societies Library, 29 West 
39th Street, New York, N. Y.* 


Norg.—Discussion on this paper will be closed in December, 1934, Proceedings. 

1 Research Engr., U. S. Bureau of Reclamation, Denver, Colo. 

1c A lithographic set of the drawings may be purchased at a cost of 50 cents per 
copy from the ecretary of the Society. 
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THEORETICAL CONSIDERATIONS ‘ 


The law of flow of water through earth was determined many years agymy 
by H. Darcey’. Later work was done in the United States by the late Allerg. 
Hazen, M. Am. Soc. C. E.4, and OC. S. Slichter‘, and in India by Coby 
J. Clibborn® and Mr. J. S. Beresford. Their experiments showed that (neglect: 
ing temperature effects) the discharge through a column of soil of a giver, 
composition varied directly with the head, directly with the cross-sectionag, 
area, and inversely with the length. This relation, commonly known am 
Darcy’s law, may be expressed as: | 


in which, Q is the discharge, in cubic feet per second; H, the head, in feet 

A, the cross-sectional area, in square feet; DL, the length, in feet; and Cx 

a coefficient which depends on the character of the material. 
Substituting for Q the value, A V, Equation (1) becomes, 


aa 


For a given class of material there is a definite maximum velocity, Vm, a 
which the water can emerge below the dam without carrying away the founda# 
tion material and causing the failure of the structure. Combining this valua 
of Vm with c:, which also depends on the material, to form a new coefiicient# | 


C, = — , the expression, 
™ 


is obtained, in which, Dn is the minimum safe length of travel path and c, is 
a coeflicient depending on the foundation material. } 
The foregoing theory seems to be generally accepted. In applying it, Et 
difficulties arise: (1) How shall the length of the travel path, In, be measured? 
and (2) what value of c. can safely be used for various classes 
material? Before going further into a discussion of these points it may be 
well to give the history of the development of this phase of dam design. 


HisTorIcAL 


The first rational basis for the design of masonry dams on earth founda: 
tions seems to have been developed in India, as a result of the investigations 
of Colonel Clibborn® and Mr. Beresford. Colonel Clibborn was at one time¢ 
Executive Engineer in charge of the Rolhikhand Canal Division of thes 
United Provinces, India, where there were a number of dams founded ont 
light sand, which had often given trouble. After he became Principal of 

2Pub. in Paris, France, in 1858. 

’ Rept., Massachusetts State Board of Health, 1892. 


4 Water Supply Papers Nos. 67 and 140, U. S. Geological Survey. 


5“Bxperiments on the Pass : indi 1 
ss tear pea ey ssage of Water Through Sand”, Govt. of India, Cent all 
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‘homason College, together with Mr. Beresford, he carried out a classical 
st of experiments on the law of flow through sand. From these experiments 
fr. Beresford concluded that the Narora Weir on the Ganges River was 
msafe, because of excessive upward pressure on the apron, and made a report 
9 that effect.. At the time no special trouble had been experienced with 
he dam, but as a result of this report pressure pipes were placed in the 
pron to indicate the upward pressure beneath it. The pressure indicated 
n these pipes confirmed Mr. Beresford’s conventions and by coincidence, 
he next day after the readings were taken (March 30, 1898), the apron at 
nother part of the dam was blown up, resulting in a breach of the weir. 
The failure of an important structure, following so promptly after the declara- 
4on of its instability, profoundly impressed the engineers of the United 
Provinces; and the hydraulic gradient theory of design became generally 
accepted there about 1898. 

The first edition of “Practical Design of Irrigation Works”, by W. G. 
Bligh, appeared in 1907, in which the theory was advanced that the stability 
of a weir on a porous foundation depended on the weight of the structure 
and not on the ratio of the percolation distance to the head. In his second 
edition, published in 1910, Bligh admitted the fallacy of his original con- 
tentions and explained his well-known theory that the safety of masonry 
Jams on earth foundations depends on the length of the percolation path, 
which is along the line of contact of the structure and its foundation. 
About the same time, this conclusion was also reached independently by 
Mr. W. M. Griffith whose paper® has not received the recognition in the 
United States which its value justifies. Before it was published, Bligh’s 
second edition appeared, in which he also proposed that idea. The same con- 
clusion seems to have been reached about that time by the late William 
Wolcott Tefft, M. Am. Soc. CO. E., but did not find its way into print. The 
widespread use of Bligh’s book, together with the publication of other articles 
and books’ by him, has led engineers generally to give the credit for the idea 
to Bligh. 
~ Jn 1911, a paper appeared, by Mr. Arnold C. Koenig,’ giving rules for 
the design of masonry dams on earth foundations, which contains a number 
of valuable ideas. , 

Little appeared in technical literature for many years after these publica- 
tions to aid the engineer in the practical design of masonry dams on earth 
foundations, but a number of measurements of upward pressure on actual and 
model dams have been published from time to time. Recently, methods have 
been devised for determining the upward pressure and path of percolation for 
various conditions. One of these is that used by Charles Terzaghi, M. Am. 


e“The Stability of Weir Foundations on Sand and Soil Subject to Hydrostatic 
f Proceedings, Inst. C. E., Vol. 197, Pt. III, 1913-14, p. 221. 
7“Dams and Weirs’; “Dams, Barrages and Weirs on Porous Foundations”, Hngi- 
29, 1910, p. 708, and January 125) 1911, p: 52; “‘Weirs’ on 
Foundations and with Pervious Floors”, Engineering News, April 13, 1911, p. 444; 
“Tegsons from the Failure of a Weir and Sluices_ on Porous Foundations”, Hngineering 
News, February 6, 1913, p. 266; and “Trrigation Headworks Repair and Dam Failure”, 
Engineering News, June 8, 1916, p. 1070. : 
8 Transactions, Am. Soe. C. B., Vol. LXXIII (1911) p. 175. 
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Soc. C. E® It seems to have been first used for dam foundations bh a 
Phillip Forchheimer”, but Professor Terzaghi’s paper appears to be the fire i 
explanation of this use in English. 2 i: 

By means of a flow net”, the direction of the currents of the water an: : 
the pressure throughout the material beneath the dam can be computed fcg™ 
various assumed conditions. Another interesting method of obtaining thif, 
same information has been devised by Professor N. N. Pavlovsky”, whi 
makes use of the similarity of the laws of flow of the electric current througy 
a conductor and the flow of water through soil. With the methods of eithe@, 
Professor Terzaghi or Professor Pavlovsky it is possible to obtain a Tigi 
solution for the given assumptions, and they are very useful in securing 
picture of the flow of the water beneath the dam. As will be discussed later 
however, the results obtained, if the ordinary assumptions are used, mus#, 
be applied to actual cases with caution. 

Four interesting and instructive papers have recently appeared, whic™ 
throw much light on the problem. Two of these are papers presented at thig- 
Punjab Engineering Congress of 1930, by Mr. A. N. Khosla.” The third@y 
is a paper by Mr. S. Leliavsky.* The fourth is a paper recently presentee 
by Mr. Khosla” before the Punjab Engineering Congress, giving the result 
of measurements of upward pressure on the Panjnad Weir. 


Course or SEEpAGE BenEATH A Dam 


The path that the water takes in flowing beneath a dam might be dete 
mined with reasonable accuracy by either the flow net, or by the electrical | 
methods, if all the conditions governing the flow were known accurately; 
This is never the case, however, and for purposes of design certain assumpf : 
tions must be made. In the second edition of his “Practical Design 0: E 
Irrigation Works”, Bligh proposes an analysis on the assumption that | 
water follows a path along the line of contact of the dam foundation (includ 
ing the sheet-piling) with the foundation material. The same method w 
suggested by Mr. Griffith. This contact between the dam and the founda: 
tion material is sometimes called the line of creep, and the method may be 
called the line-of-creep method. Another method that has been advocatec@ 
to some extent, may be called the short-path method, and is based on be 
assumption that the course taken by the percolating water is the shortest pa’ ae 
through the pervious material between the head-water and the tail-watert 
Neither of these methods gives a true picture of the actual conditions of flows 
beneath dams, but they are useful methods of practical design. The line-of f 

° Technical Publication No. 215, Am. Inst. of Mining and Metallurgical Engrs., -p. 7 

20 “Hydraulics” by P. Forchheimer, 1924, p. 448. 


“Hydraulic Laboratory Practice’, by the late John R. Freeman, Past-Presiden 

and Hon. M., Am. Soe. C. E., Am. Soc. Mech. Engrs., 1929, p. 605. 5 

12 Engineering News-Record, Vol. 112, June 14, 1934, p.: 765. e 1 

3s “Hydraulic Gradients in Subsoil Water Flow in Relation to Stability of Structures! 

Resting on Saturated Soils’, Paper No. 138; and “Stability of Weirs and Canal Works : 

ane upueeiion of the New Theory of Hydraulic Gradient”, Paper No. 142, Punjab Eng. 
ong: R s 


nS fa) Percolation under Aprons of Irrigation Works”, by S. Leliavsky (published¢ 
n . « 


1° Paper No. 162, Punjab BEng. Congress. 


Sf 
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reep method has gained a wide acceptance, and most masonry dams on earth 
foundations have been designed according to it. Tt has been used in the 
rrigation works of the United States Bureau of Reclamation for many years 
with satisfactory results. The short-path theory has been but little used. 

_ In designing a masonry dam on an earth foundation it is customary to 
assume that the path of the water flowing beneath it is always normal to the 
axis of the dam. Analyses are made, therefore, of cross-sections of the dam 
perpendicular to the axis. If the material on which the structure is founded 
varies along its length, it may be necessary to investigate more than one 
section. The assumption of normal flow is sufficiently accurate for most 
conditions. In unusual cases, however, a more accurate analysis may be neces- 
sary. In analyzing the security of the dam at the abutments, normal flow 
eannot be assumed. 


Comparison or Destan MetHops 


Although the line-of-creep method has been widely used in dam design, it 
has been subject to some criticism. Part of this criticism is believed to be due 
to an improper presentation of the case in its favor. Bligh states that the 
water follows the line of creep and not the path of least resistance. This 
statement is believed to be in error, because the fact that water would take 
the path of least resistance seems almost axiomatic. If water flows along the 
line of creep instead of the shorter path directly through the foundation 
material it is because the resistance to travel along the line of creep is less 
than along the shorter path. That resistance along the line of creep may be 
Jess than through the foundation material seems quite reasonable, on account 
of the difficulty of securing as intimate a contact between the more or less 
plain surfaces and the foundation material as between the individual particles 
of the foundation material. 

It should be remembered that the line-of-creep method is intended to give 
‘a dam safety at all points. This requires that it apply to the worst condi- 
tion that will happen with every reasonable care in construction. The seepage 
may not follow the creep line at many cross-sections of the dam, but the 
‘points where there is most danger of failure are likely to be those where 
‘contact between the dam and the foundation material is not so close, and, 
‘therefore, where the line-of-creep method best applies. 

The principal weakness of the line-of-creep theory is that it assumes the 
‘resistance to flow along all parts of the contact between the dam and 
the foundation to be the same. In practice, the contact between vertical 
and steeply sloping surfaces is more likely to be intimate than that along 
horizontal or slightly sloping surfaces. In a masonry dam on earth founda- 
tions there is likely to be unequal settlement which will cause less pressure 
at some points than at others, in places, even a slight lifting up of the 
masonry from its contact with the earth beneath. The earth beneath a dam 
‘may not be compact, and may settle after the dam is built, leaving void 
spaces beneath the floor, especially where the dam is founded on piles. This 


action is sometimes called “roofing”. 
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Another cause of roofing is given by J. OC. Oakes, M. Am. Soc. OC. HE 
as follows: | 
“If the bed of the foundation fof a dam] is below the water level, ari 
pumping is required, there will be a small space between the base of th 
masonry and the sand, caused by erosion by the flow of water from undd 
one block of masonry while the next one is being placed. In other words tl¥# 
structure is ordinarily supported wholly by the piles, with almost a certaint 
that there will be a space between the sand and the masonry. Under suc§ 
circumstances, any upward pressure that develops under the dam will k 
uniform from the sheet-piling to the toe, and will depend on the tightne 
of the sheeting and the ease of escape below the dam, * * *. 
“* * * the writer has watched the placing of concrete, and in no case hag 
he found, on the works under discussion [Ohio River Dams, Nos. 43 and 46! 
that the concrete rested on the sand after sufficient time had been given. 
to set. The bed of the foundation of the various parts of these is aboug’ 
10 ft below water. Construction has been carried on within coffer-dama 
and during stages of the river from low water to 14 ft above it. Owing to tk 
permeable nature of the material, there has always been’ considerable percold 
tion, which has required pumping to keep the pit sufficiently clear of wate 
to enable construction to proceed. The water escaping from under the concre? 
already placed, carries away the fine material directly under the concrete, leawp: 
ing a space between it and the sand through which the transmission c 
pressure will be direct, and, consequently, any pressure which may be develope@: 
will be uniformly exerted over the whole base of the structure.” 
A study of the results of upward pressure measurements on actual dam 
discloses much evidence to support Colonel Oakes’ conclusions. 
On vertical or steeply sloping faces, roofing will not occur because the voi! 
spaces, if they should be formed, would be filled again by the inability of thig- 
earth to maintain the steep slope; the earth from the steep bank would mov 
down and fill the void. For this reason the contact of the foundation witi 
such surfaces is close and offers more security against piping than contac® 
beneath horizontal surfaces. : I 
D. C. Henny, M. Am. Soe. C. E., has suggested that the vertical creep map 
be more effective than the horizontal creep because the stream-bed materiaf 
is likely to be laid down in nearly horizontal layers or lenses of varyinap 
permeability. By building cut-offs through these layers, the flow through th! 
relatively permeable ones is stopped, and the water is forced either to pass 
through the more impermeable layers or to seek a much longer route, witli 
consequent reduction of velocity. 
Piping failure, therefore, should be considered as possible from two largel: 
independent causes: (1) Direct percolation through the foundation materiag 
itself; and (2) percolation along the contact of the dam and sheet-piling witk 
the foundation material. Considerable light on the first of these causes ha? 
been obtained by experiment, but Cause (2) can only be evaluated by investi! 
gating a large number of structures. A weakness of the ordinary line-of. 
creep theory is that it considers only the second of these causes. Anothe: 
weakness is that it is possible to drive lines of sheet-piling so close togethe 
that the short path may be so small that failure can occur by flow whic 
will not follow the path of creep at all. : 


1 Transactions, Am. Soc. C. E., Vol. LXXX (1916), pp. 469-470. 
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ee, The weakness of the short-path theory is that it takes no account of the 
xreater probability of percolation along the line of contact of the structure 
and its foundation. In cases where the lines of sheet-piling are very close 
together, however, it may be more reliable than the creep theory. The short- 
path principle would seem to be obviously inferior to the line-of-creep analysis 
as applied to clay or hardpan foundation, since the foundation material in 
this case would be so nearly impermeable that the seepage along the line of 
creep would be much greater. Another difficulty with the short-path analysis 
is that it gives no method of estimating the magnitude or distribution of up- 
ward pressure beneath the dam. As some estimate of this pressure is required 
in order to determine the required thickness of the apron, additional 
assumptions are necessary if the dam is to be designed by the short-path 
theory throughout. 

_ The flow net and electric analogy methods are essentially the same. Both 
should give the same results for the same assumptions. Professor Terzaghi’ 
does not take into consideration the greater probability of percolation along 
the line of contact. Whether or not Professor Pavlovsky” does, is not known. 
It would be possible to do it by either method, however, by assuming the rela- 
tive permeability along this line as compared with that, through the 


foundation material. The weakness of both methods is the necessity of a 


detailed knowledge of sub-surface conditions and the lack of data relating 
the results obtained, as shown by the flow net, to the safe limits for the various 
classes of material. 

Nevertheless, the flow net and electric analogy methods may prove to be 


useful tools in analyzing unusual conditions, and in forming a mental pic- 


ture of what takes place under certain conditions. It is hoped that further 
studies along this line will be made to clear up some of the problems of 
design. There is a great opportunity for useful experimentation in this field. 


The results that would be obtained by the flow net or by the electrical analysis 


would roughly correspond in a homogeneous medium to that obtained by the 


‘short-path method. Both are based on the consideration of flow directly 


through the foundation material. The short-path method may be considered, 
therefore, as a rough approximation of the flow net, or electrical analysis. 

A weakness of all the methods, as ordinarily applied, is that the flow is 
considered as taking place only in a single plane. This is not necessarily the 


case however, because, as Mr. Griffith has pointed out,” when a pipe tends 


to form, it provides a line of lowered pressure, and water from both sides 


flows toward it, as well as that in the plane of the incipient “pipe”. Analyz- 


ing the stability of a dam by means of its cross-section is a useful device, 
but one is likely to be blinded to the true conditions by thinking too rigidly 


in terms of cross-section only. 


RequirEeD LENGTH OF PERCOLATION PATH 


Not only have there been differences of opinion regarding the path along 
which the percolation should be assumed to occur, but this is true also re- 
garding the length of the path necessary to insure safety from piping failure. 


at Minutes of Proceedings, Inst. (Oa DAS Vol. 197, 1913-14, Pt. Ill, p. 223. 


vi egeal 
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As the result of his study of dams and dam failures, Bligh arrived a 
values of the creep-head ratio which he believed would make dams safe fro; 
piping failure. The description of the various classes of material and th 
values of the ratios varies somewhat in different publications by Blig 
The following list gives the classification in his latest publication :” 


Safe ratio 


River beds of light silt or sand of which 60% 
passes the 100-mesh sieve, as those of the Nile or 
the Mississippi DRIVERS y= Mars thaaie nieievaese helene ilome ots 18 
Fine micaceous sand of which 80% passes a 75- 
mesh sieve, as in Himalayan rivers and in such 


Tivers .a5, tho. COlOTAdO. «a. saithen nee © te «letaeee 15 t 
Coarse-grained sands, aS in Central and South 
ATCT ov Sys iace Pretere a ob ine oles GeV lus) aysieks b> clan stain eet 12 


Boulders or shingle and gravel and sand mixed... 5to9 


Just how extensive a study of dams was made by Bligh as a basis for his 
data is not known, but the amount of material published is quite meager 
It includes only two dam failures, both on fine sand foundations; and i 
one or both of these cases, unsound conclusions were drawn. There were ni 
dam failures on silt, coarse sand, gravel, or boulders. In a later publication, 
Bligh discusses the failure of a head-gate of the Southern Alberta Land and 
Irrigation Company. The published data on this structure are so conflictin; 
as to throw serious doubt on the reliability of his conclusion.” These state- 
ments are not made to disparage Bligh’s work, which has formed the basis of' 
the design of scores of safe dams, but merely to indicate that, apparently, it 
was based on meager data and that with much more extensive data, and better 
construction materials, a reduction of Bligh’s values of C might be made: 
without conflicting with well-established facts. 

In an abridged paper, Mr. Griffith gave the following values of the ratio} | 
of creep distance to head which “‘had been found sufficient to ensure stability” ’ 


in the United Provinces of India: } 
Material Limiting safe value of C ‘ 
Fine micaceous sand........... nA EG 144 to 16 
PMO CUATIZ, BANC + afew as aur an ee a he cate ere 124 to 14 
Qoarsé ‘quartz wand SS, ee. 10 to 12 
Shingle et intnemehs cee oF ee Uh ee 8 
Bowldors:};..asis downs meals tees wae oaths 4 


4 
loss by leakage may make higher values of S advisable in these cases.” ; 


In an unpublished part of this paper he suggested “a 20% reduction in 
the values given where reliable vertical staunching of 10-foot depth was used.” 
In the third edition of Bligh’s “Practical Design of Irrigation Works”, - 
which was revised and brought up to date by F. F. Woods, Chief Engineer 
18“Dams and Weirs’, 1916, p. 155. 


1 Hngineering Record, Vol. 63, 
doo. 268: and Vol 15. 'p. 1070" p. 589; Vol. 66, p. 376; and Engineering News, V L 
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of Irrigation Works, Punjab, India, Mr. Wood contends” that Bligh should 
have used a ratio of 11 for ordinary sand instead of 15. It will thus be seen 
that both Messrs. Griffith and Woods advocate somewhat lower values of 
‘@ than Bligh. Independently, the writer arrived at the same conclusion from 
_a study of the data on most of the dams included in the tables of this paper. 


A New Meruop or ANALYSIS 


As has already been pointed out, the existing methods of analysis are open 

‘to serious objections. The commonly used method, as advocated by Bligh, does 
“not consider the greater resistance to flow along vertical contacts as compared 
with horizontal ones. The short-path method and the more exact flow net 

and electrical methods do not consider the lesser resistance along the contact 

of the masonry and foundation material as compared with that directly 
‘through the foundation material. All these methods have elements of truth, 
but all have weaknesses. A method should be devised which will combine 


_ the virtues of both without including their faults. 


In the present state of knowledge the only method of analyzing the 
probability of failure from flow along the creep line seems to be a study of 
the action of actual dams. No exact data have yet been presented to show the 
relative resistance to the flow along the contacts as compared with that 
through the foundation material. It will be very difficult to obtain these data 
because points where danger of flow along the contact is great, will only 
occur, occasionally, and would probably be discovered only by extensive ob- 


servations. The flow through the foundation material can be obtained with 
~ more exactness by experimental methods; but even in that case the unknown 


‘conditions of the foundations and the difficulty in determining the safety of 
the structure (even if the velocity of flow is known) make this method dif- 
ficult to apply. It seems obvious, therefore, that while research along this 


- line should be given every encouragement, the main reliance in dam design, 


for a long time in the future, must be on a somewhat empirical basis. 
As the studies made in connection with this paper indicated faults of the 
existing methods of analysis, as well as the insufficiency of the factors used 


in the ordinary methods, the writer has attempted to develop a more rational 


method of design, as well as to establish more accurate coefficients. In order 
to devise a method that could readily be used by the designing engineer in 
planning actual structures, in addition to the aforementioned reason, the 
method developed was necessarily a somewhat empirical one. 

For clarity in presenting the data on which writer’s conclusions are based, 
jt is necessary here to review, briefly, the basic facts of the new method 


_ developed. 


From a study of all the available data it appeared that there were two 
distinct forms of piping, one in which the water passed along the line of 
eontact of the structure and its foundation, as assumed in the Bligh theory, 
and the other in which it passed directly through the voids in the founda- 
tion material.. In the former path the contact of the foundation on vertical 


20 See “Preface”, p. VL 


an 
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or steeply inclined surfaces can be relied upon to offer more resistance to) # 
flow than along horizontal or slightly sloping contacts. In computing the} a 
safety of a structure, therefore, from this type of failure, the creep distances } # 
along horizontal or slightly sloping surfaces should be given less weight than if * 
those along vertical or steeply inclined surfaces. This method of estimating; é 
the stability of a structure may be called the weighted-creep method. As ai 
result of these studies a weight of one-third is given to the horizontal or’ 
slightly inclined’ creep as compared with the other section of the path. For: 
example, if a dam sustains a head of 10 ft and has a creep distance along’ 
horizontal or slightly inclined surfaces of 60 ft and along vertical and steeply ' 
inclined surfaces of 10 ft, the weighted creep distance would be 60 X 4 + 10, | 
or 30 ft, and the weighted-creep-head ratio would be 30 + 10 = 3.0. 

For brevity in the remainder of this paper, creep along vertical surfaces 
or surfaces sloping more than 45° with the horizontal will be called “vertical 
creep”, and other surfaces, “horizontal creep.” It should be noted that 
“vertical or steeply inclined” refers to the position of the surface against 
which creep takes place, and not to the direction of the creep, which some- | 
times is not in the same direction as the inclination of the surface. The 
weighted-creep distance is the vertical creep plus one-third the horizontal 
creep, which, therefore, is practically always less than the creep distance. 

As the water follows the line of least resistance, if the resistance to flow 
along the creep line is much greater than directly through the voids in the 
foundation material, much more water may take the latter course and failure 
from piping from this cause may result. _The short path is a rough measure 
of the resistance through the voids. Both the weighted-creep and the short- 
path ratios, therefore, must be greater than their respective critical value 
for the type of material on which the dam is founded. 


Mernop or Anatyzine Data on Existing StructurEs 


In this study an intensive search was made in all available engineering 
literature and other sources of information. All masonry or concrete dams_ 
on earth foundations were analyzed when the data were sufficiently complete. q 
In many cases there is considerable uncertainty. When more than one descrip- ; 
tion was found of a single structure there was often a surprising lack of 
agreement between them. 

Frequently, there is considerable room for the exercise of judgment as to 
just where the travel path should be assumed to end. The travel path’ of | 
the water was ordinarily assumed to end at its junction with the rip-rap down 
stream from the dam or at a reverse filter. If wooden cribs or loose a | 
articulated concrete blocks were used, it was assumed to end at the up-stream 
edge of the rip-rap or filter. Although it is true that rip-rap, cribbing, or : | 
blocks may assist in preventing piping or a blow-out, it is believed that less | 
uncertainty is introduced by considering that they do not add to the travel — 
path than to assume that they do. 

Some discrepancies were found in checking over the dak given by Bligh 
with those available from other sources. When the data on some dams indi- 
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Fi rs 


eal 


. 


- eated that a certain creep-head ratio had been used in design, it was usually 


not possible to check this exactly from the dimensions of the structure. In 
order that all the data might be on the same basis, the same method was 
used throughout, although this might not give the same ratio that the 


_ designer of the dam believed he was using. In all cases the writer’s best 


judgment was used in determining the most probable values for use in this 
paper. He would appreciate it if readers would call his attention to any 
eases in which his judgment may have been in error. At several points in the 
analysis of some of the dams it was necessary to make assumptions. One of 
these was in the case of rows of sheet-piling close together. 

In computing the weighted-creep distance it was necessary to determine 
the division point between steeply sloping and slightly sloping contacts. This 
division should be at the steepest slope at which, unquestionably, a bank of 
earth under water would be unstable; that is, at which the bank undoubtedly 
would be certain to slip. This was assumed to be on a 1 on 1 slope. Any con- 
tact with a slope of 1 on 1, or steeper, was considered to be a “vertical” contact 
and, at a flatter slope, a horizontal contact. In a few cases a puddle or earth- 
fill against a dam rested on top of a part of the dam masonry. Although this 
was a horizontal contact, it was assumed to be a “vertical” contact, because 
the earth would press as closely on the masonry under these conditions as on 
a vertical surface. There is some evidence to indicate that the contact of 
puddle with earth is so close that it would be equivalent to vertical creep. 
In order to be conservative, however, this assumption was not made in com- 
puting the ratios used in this paper. 

Tn several cases dams have been built with a filling of dry or broken stone 
beneath them. This would offer much less resistance to seepage than the 
contact between solid masonry and foundation material. Where the floor 
above this stone filling has not been vented, to allow the water to escape, 
the resistance of the creep line along this section has been assumed to be one- 
half as great as for solid masonry. This is a conservative estimate from the 
standpoint of this study, but would not be conservative if used in design. 
The use of such filling seems to be confined to old dams and is a bad prac- 
tice. In one case it is believed to have contributed to the failure of a 
structure. In the case of a number of dams of the buttressed concrete type, 
no floor was provided between the buttresses, and the water passing beneath 
the up-stream cut-off could rise in this space and escape through vents provided 
jn the down-stream face of the dam. If these vents were closed, the water 
would have to pass beneath another section of the dam to reach the tail-water. 
For dams of this type, the distances and ratios for both conditions have been 
computed although the shorter creep distance is probably the effective one. 

Considerable uncertainty has been introduced in the determination of 
the creep distance by the presence of weep-holes or vents. In determining the 
distances used in this paper, weep-holes have not been considered as reducing 
the ereep distance, but a separate analysis of them has been made. 

There was sometimes uncertainty as to the head to use in estimating 
the ratios. In ordinary over-fall dams it was measured from the crest of the 
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dam to tail-water elevation, or, if the latter was not given, to the stream 
bed below the dam. If crest gates or flash-boards were used, it was measured 
from their tops. The ordinary operating head was used, although, in ann 
cases (especially in movable navigation dams), the structures, no doubt, were. 
subjected occasionally to greater heads. 

Several cases have been found in which dams were built on a layer off 
porous material, such as gravel or sand, which was underlaid by an impervi~ 
ous layer of clay or hardpan, into which the cut-off walls or sheet-piling 
extended. These cases are not subject to analysis in the ordinary way and, 
therefore, the data on them are given without analysis. Masonry dams on 
earth in which the cut-off was carried to solid rock were not analyzed. 


CLASSIFICATION OF FouNDATION MATERIALS 


There is a great need of a more accurate and scientific classification of 
foundation materials than the common terms, gravel, coarse sand, etc. 
Several classifications on the basis of grain size have been made, but none is 
entirely satisfactory. One developed by the United States Bureau of Soils” 
has been used extensively in the classification of soils and of materials for 
earth dams. For dam foundation materials, however, it is objectionable 
because in its classifications, fine sand, coarse sand, etc., are finer material - 
than the engineer usually has in mind when using these terms. Mechanical — 
analyses of foundation materials could be obtained for only a few dams. 


ReEsuuts or ANALYSIS OF ExIstiING STRUCTURES 


The results of the analysis of the weighted-creep relations for all struc- 
tures for which sufficient data could be obtained, are given in Table 1. 
Some of the description in Column (9) of this table can be further slabors eal 
as follows: 


Table 1(a).—Dam No. 12.—A firm, impermeable, red clay, with at least 
50% boulders. 
Table 1(a)—Dam No, 20.—A very compact and unyielding gravelly 
hardpan. 
Table 1(a).—Dam No. 27.—A part of this dam was situated on clay over- 
laid by gravel and sand. 
Table 1(a).—Dam No. 28.—A part of this dam was situated on clay 
overlaid by a thin layer of gravel. 
Table 1(b).—Dam No. 3.—A layer of gravel and fine material, underlaid 
by an impervious layer which, in turn, was underlaid by pervious fine 
‘material and boulders. 
Table 1(b).—Dam No. 44.—From sand with a small percentage of gravel 
at the surface to heavy boulders with some sand and gravel at the bottom 
of the sheet-piles. 
Table 1(c)—Dam No. 17.—Graded from silt and fine sand at the surface 
to coarse sand at the bottom of the sheet-piling. 


1 ‘Grouping of Soils on the Pape of Mechani . ; 
H. H. Bennett, Circular No. 419, U. S. Dept. of Apietitares ck Oe One 
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Table 1(d).—Dam No. 33—Fine sand at the surface, grading to coarse 


sand below. 


Table 1(d)—Dam No. 37.—Beneath most of this dam there was a layer 
of clay; but there was a running layer of sand and mud below part of it. 


The source of this information is given in detail form in the original 


manuscript filed in Engineering Societies Library. 


It is probable that the larger structures in the United States are still 
giving reasonably satisfactory results or a record of the failure would have 
been published. The smaller structures in this country and those in foreign 
countries are probably still in use, although there is a slight chance that they 
may have failed. 

Most of the failures are dams of poor design, but they serve to show 
approximately the limits of good design. Well-designed dams rarely fail, 
but more lessons can be learned from failures than from successes. Some 
well-known failures are not included, because the data are insufficient or too 
conflicting to permit reliable conclusions. These include the Hauser Lake 
Dam, Missouri River, the Grand Barrage on the Nile, and the head-gate 
of the Southern Alberta Land and Trrigation Company. 

Several cases were found in which the data were so complex that they 


were difficult to analyze. This was the case in the Alcona and Upper 


Alameda Creek Dams; the dam in the Scioto River, at Columbus, Ohio; 


that on the Guadalupe River, in Texas; and the Sacramento, Calif., Weir. 


Additional information as to the reliability of the data on the various 
structures, the length of the period of service, and other pertinent facts, 


is given in the original record of this research, previously mentioned. 


Important Facts SHowN BY EXPERIENCE WITH Existing Dams 


A study of all the available records of percolation distances of existing 


masonry dams on earth foundations, and of those that have failed from pip- 


ing, brings out three important facts: (1) Several dams have failed from 
piping with percolation distances which, judged by the ordinary standards, 


‘should be safe; (2) many dams have stood successfully with percolation dis- 
- tances much less than those previously recommended ; and (3) the dams that 


failed had very little of their creep paths along vertical or steeply sloping 


surfaces, while those that stood, with much smaller distances, had a consider- 
able proportion of such creep. 

Failures have occurred with creep distances which ordinary standards 
would consider safe in the case of the Kulli Bye-Wash (Table 1(d), 


Dam No. 10), and the Deoha Barrage (Table 1(d), Dam No. 4). The first 
of these structures was founded on fine sand and failed with a creep-head 


‘ulti - 


ratio of between 14 and 16. For fine sand, Bligh recommends a ratio of 
15 and Griffith, 144 to 18 for fine micaceous sand, and 124 to 14 for fine 


‘quartz sand. The Deoha Barrage on fine sand was threatened with a creep- 
‘head ratio of 17 and, finally, failed with a piping path with a length at 


least 26.6 times the head. None of these structures had vertical cut-offs. 


he ie | 


i 
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TABLE 1.—Dara ror ANatysis oF WEIGHTED-CrEEP RELATIONS 


CREEP WEIGHTED 
DISTANCE, Cre 
IN Fenr fetes AS 
=i Head, 
am : hagas 3 
Name Location In Dis- 
bis feet | Verti-| Hori- ltance, 
eal | zontal] in | Ratio 
feet 
(1) (2) (3) (4) (5) (6) (7) (8) 
(a) Dams ON Chay AND HARDPAN 
Failures: ‘ 
1 | Woodward........ Flanders Brook, Hill, N.H..} 30 24 8 27 0.9 | Hard mate ! 
probably 1 § 
‘ pan 
2 | Dolgarrog........ L. Higian, N. Wales....... 10 3 15 8 0.8 a ae t 
oulders 
3 | Fergus Falls...... Red River, Minn.......... 23 17 28 26 1.1 | Hardpan { 
Non-Failures:* 
10 Feenvki Landing { 32 50 54 68 2.1 | Clay 
jo int Aer senoe Huron, Mich iste. 2 diuieieicmis 0 32 50 8 53 1.6 Rapa 
11 | Dolgarrog........ L. Higian, N. Wales....... 10 13 15 18 1.8 ted ‘ 
oulders 
12 | Marysville........ Washwaak River, N. B... 22 24 68 47 2.1 Fed lava ; 
oulders- 
13 | Fergus Falls...... Red River, Minn.......... 23 70 34 82 3.6 | Hardpan — 
14 | Kettle Creek...... Kettle Creek, Ont......... 20.5) 18 48 34 1.7 | Hard blue elsif ; 
15 | Shataipore Weir...| Vellar River, India........ 9 27 44 42 4.6 | Clay 
16 | Rupar Weir......- Sutlej River, India........ 11.5) 18 100 51 4.5 | Clay with 1 
‘: ders : ' 
WE VeSok bie et, ttt Au Sable R., Mich......... 40 | 76 | 289 | 172 | 4.3 | Clay | 
18 | Sangum Anicut...] Pennen, India............. 9.0} 52 98 85.0] 9.4 | Sand on clayy 
19 | Shawano......... Wolf River, Wis........... 15 57 81 84 5.6 | Stiff greasy c 
20 | Whiting St....... Holyoke, Mass............ 18 20 17 26 1.5 | Gravelly hari 
21 | N. Diversion...... Orland Project, Calif...... BTSs tiers 5 2 0.4 
22 | Big Coulee....... Big Coulee R., Mont....... 6 13 15 18 3.0 
23.| Sidhnai..,.....0.% Ravi River, India......... 7.6) 35 46 50 6.7 4 
24 | Dam No. 2....... Ouashita River, La........| 14.4] 63 31 73 5.1 | Dense clay [fF 
25 | Dam No. 6....... Ouashita River, La........ io 3 a a6 =. 12 te aa 
" : - 4, ostly clay; 
26 | Dam No. 8....... Ouashita River, Ark....... { 13.5] 97 34 | 108 80 pap % 
27 | Dam No. 5......- Mohawk River, N. Y...... 15 63 77 89 5.9] Onclay — 
28 | Dam No. 6....... Mohawk River, N. Y...... 15 63 77 89 5.9 | Onclay 
29 | Junction......... Manistee River, Mich...... 50 199 165 254 5.1 | Hard clay — 
50 205 225 280 5.6°| 2.2 seen , 
30 | Hodenphyl....... Manistee River, Mich...... 65 144 381 271 4.2 
31 | L. Washington....| Seattle, Wash............. 25 60 190 123 |° 5.0 
32 | Acatlan.......... IMIOKICO AS RED hehe 5 RMS va bts eke 17.79 51 90 81 4.6 
33 | Aganoa River..... Aganda Pil > 5 tieabiokels 9.4] 67 40 81.0] 8.6 
34 | Santa Barbara....| Philippine Islands......... 9.9] 54 48 70 7.0 
35 | Cascade Plant...-./ Thornapple, Mich......... 28 wo 93.0] 103 3.7 
A : 45 47 123 88 2.0 | Clay-gravel 
36 | Edenville Plant. ..| Tittabawassee, Mich....... hardpan 
45 62 124 103 2.3 Hardpes A 
37 | Riley Plant....... St. Joseph, Mich.......... A " ais 45.0} 63.5] 4.5 
34. 68 56 2.1 | Clay- 
38 | Sanford Plant.....| Tittabawassee, Mich....... hardoaal 
27.5) 42.0] 68 65 2.4 Clay ee 
r } 
39 | Secords Plant..... Tittabawassee, Mich.......] 48 59 116 98 Zit Clay-gravel ; 
27.5) 38 84 66 2.4 
40 | Smallwood Plant. .| Tittabawassee, Mich....... 
7 27.5) 27.0) 68 50 1.8 
41 | Tobacco Plant. ...] Tobacco, Mich............ 45 38.0} 128 81 1.8 
42 | Barton Dam.,.... Huron, Mich.............. 25 40 53 58 265 
P 25 40 8 | 43 Ng 
43 | Black River...... Black RUMichs (Oe. ee ike 15 58 52 75 5.0 
, ; 15 32 3 33 2.2}. Sooo eee 
AE UVB UNG DY ais + oi03 a a1 Des Moines Elec. Co., Iowa. 8 18 4 19 2.4 
3 4 ‘ 8 22 33 33 4, 
45 | For Sturgis....... St. Joseph, Mich.......... 25 12 8 15 Og Bo aban 
46 | Bassano.......... Alberta, Canada........... 48 34 | 165 89 1.8 | Clay over 


* No failures recorded, 


eo 
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TABLE 1.—(Continued) 


CrEEP WHIGHTED 
DIsTANCE, 
E IN Fuer CREEP, 3 
m ; Heady: eee Foundation 
ss Name Location fos Dis- material 
eet Verti- | Hori- | tance, 
cal | zontal} in | Ratio 
. feet 
) (2) (3) (4) (5) (6) (7) (8) (9) 


Non-Failures:* 


Stiff clay with 
small boulders 
and gravel 


Stiff clay and 
clay with fine 
' gravel 


| 37 46 48 62 


Lake St: Francis. .| St. Francis R., Que........ 


Vaz 53 | 68 | 76 


Vandalia.7. vss... Milk River, Montana...... 


49 | Upper Grays...... Black Creek, Utica, N. Y.. 2.7 | Goodclay, under- 
laid by hard- 

pan 

50 | Scranton.......-. Scfanton; Baers. cette. «ky 2.3 | Sand and yellow 
clay 

51 | Baltic Main...... Baltic COND. ./6 oer 1.4 | Clay and gravel 

52 | Baltic Side....... Balhie,; Conn tee as ese 1.7 | Clay and gravel 

53 | Batavia.......... Towanda Cr., N. Y..:..... 2.8 | Clay and gravel 

54 | Bethlehem........ L. Ammanoosue, N. H..... 5.2) pone: sand, 
clay 

55 | Burnham......... Burnham, Me..........--- 3.2 | Clay 

56 | Kearsley Cr...... ATG ECE Notes eke iti ola)'a ste 6.1] Clay . 

hie eWoganes....6k see. Logan River, Utah........ 1.4 | Sand and gravel 

58 | Mayfield R....... Mayfield, N. Y2..:0.2.--/-- Hardpan 


Clay and sand 
Clay and gravel 
Clay with gravel 
Clay and marl 
Gravel and clay 
Clay and coarse 


sand 
Clay, 50% sand, 
gravel 
Clay and shale 
Clay over sand; 


grave 
Clay, sand and 


Massillon......... Nimisilla Cr., Ohio........- 
New London...... (Biora Aiie Hie cA ete SONI SG 
Newport... vs...3- Sugar R., Nwpt., N. H..... 
Patilas sc. P20; 6k. Guayama, Porto Rico..... 
Prince Albert.....| Sask. R., Sask., Can....... 
Somerville........ New Jersey....-..+s+-+-+: 


Reservoir:......-- St. Paul, Minn............ 


Wakeman........ Vermillion R., Ohio........ 
Wonder Lake..... Nippersink Cr., fll......... 


Rocky Brook, N. J......-- 


Millbrook R., Mass.......- 
Dobbin, W. Va........---- 


Hightstown....... 


Pittsfield No. 2... 
Stoney River.....- 


1 

Clay and gravel 

Boulders, clay, 
gravel 

Soft clay 

Clay 

Clay 

Clay 

Clay 


Swift Current Dam| Sask., Canada.......--.--- 


Texas 
Williamson....... Sandy Cr., Cisco, Tex....-- 
Portland Dam.... 


OF PorFbdy PHPRNEWRD Ne wo Nd © FRRRWHWN 
CO ONNIR& PORWRORH FO PRO NT NWOONOONO 


76 | Foote Dam....... Aniesablen Ri Clay 
Five Channels.... SETS Clay 
Ms Loud Hain de ras Fe Oscada, Mich.....-..-- Clay 
79 | Stronach........- Manistee River, Wellston, 
ee One Neu bo crceciooe S20 Clay 
80 | Springfield........ Springfield, Vt......----+- Clay 
81 | Quaro Dam.......| Texa8...----.. essere ees Clay 
82 | Redlands........- Gunnison R., Colo.......-- Clay and gravel 
83 | Coleman Br.....- Ghesters Nad «tices cee ti ier oo and clay 
84 | Springbank....... London, Ont......2++-+-++: Dense clay 
85 Delhi BWielt'... ale dis Sone River, India......--- Clay and sand 


(b) Dams ON GRAVEL, CosBBLEs, AND BOULDERS 


ee Pe saclentin Re Spain... e248 , |e 44 | 1677] | 9618) 0-67) Band aed ervel, 
classification 
ae faite tncornaty A 
iver, Wash......-- 79 72 97 1 é ravel, an 
2 | Port Angeles...... Elwha River, Wash ‘ alas cone send 
9 “ttefold.........| West Brook, Mass.....--+- 33 29 47 4 : ravel, es, 
3 | Pittsfield........- West Brook, Mass i: rela 
4 | Coon Rapids...... Miss. R., Minn...:--.+---+> 48 35 127 46 0.95] Sand and bould- 
ers 
5 | Plattsburg......-- New York.....---se+e-e 34 44 45 59 be A seme ati Bee Ose 


* No failures recorded. 


944 
Ree Name 
(1) (2) 
Failures: 


6 | At Durance....... 
7 | Stoney River..... 
8 | Retaining wall.... 


Non-Failures:* 
11 | Dam No. 5 


13 | Dam No. 6 


2A Pinhooks a ov. (e'e'ci 
24 | Power Intake..... 


25 | Island Park....... 
26 | Puentes.......... 


29 | Cherrecksky...... 
30 | Limbourg........ 


81 | Herr Island. 


32 Mirowitz......... 


39 | Mandalay........ 
40 | Gr. Valley........ 


45 | Harper.........:. 


12 | Dam No. 10...... 


14 | Dam No. 45...... 
15 | Dam No. 46...... 
16 | Dam No. 51...... 


17 | Dam No. 35...... 
18 | Dam No. 36...... 


SECURITY FROM UNDER-SEEPAGE 


TABLE 1.—(Continued) 


CREEP WHIGHTED 
Deure | Caner, 2 i 
Head, —| Foundation of 
Location ‘ in Dis- material 
feet Verti- | Hori- | tance, 4 
cal | zontal] in | Ratio 
eet 
(3) (4) (5) (6) (7) (8) (9) 
Durance R., France........ 22 | 11.2] 44.6] 50.2] 2.3 Founded 
Stoney River, W. Va...... 39 90 | 126 132 3.9 eps ol | 
grav 
Ansonia Canal, Conn...... 18 24 36 36 2.0 | Founded 
gravel 
horizontt 
creep in silt t 
Ohio River, Penn.......... 7.5) 43 32 54 7.2 eee 
Ohio R., Ohio-W. Va...... 8.4) 49 35 61 Tak avel 
Ouachita R., Ark.......... 6.2] 47 33 58 9.4 are with 4 
san 
Ohio R., Ind.-Ky.......... 9.0} 87 35 99 11.0 | Sand and smi 
gravel ; 
Ohio R., Ind.-Ky.......... 9.0} 87 35 99 11.0 | Sand sod smi 
grav ‘ 
Ohio'Rs, -TlL-Ky)...5. 85.035. 8.0} 87 35 99 12.3 | Fine oan cy 
grav ; 
Ohio R., Ohio-Ky......... 6.4) 47 35 59 9.1 | Sand and gra 
Ohio R., Ohio-Ky......... 7.9) 84 35 96 12.0 | Sand and grave 
7.9) 89 80 116 14.6 | Sand and grawe 
7.9] 80 20 87 10.9 | Sand and grawe 
Ohio R., Ind-Ky.......... 9.0) 86 40 99 11.0 | Sand and graw 
Ohio R., Ill-Ky........... 12.0} 85 40 99 8.2 | Sand, gravel, 
Ohio Ree WKye eves 0 525: 13.4) 87 35 99 7.4 
Maquoketa R., Iowa....... 25 68 61.5} 89 3.5 i 
Indiana............ eae 5 11 16 16.3} 3.3 | Gravel and sg 
Salt River, Ariz........... 6.5} 43 18 49 7.5 | Gravel and s: 
Miami River, Ohio........ .5| 37 2 47 652: i societies 
Spain (see No. 1).......... 75 51 288 147 2.0 i 
Miller Creek, Ore.......... 5.0] 14 14 19 3.8 Bands avel, 
ear 
Arax R., Russia........... 16.7| 57 108 93 5.5 | Coarse sand 
: gravel 
Arpachay R., Armenia....} 13.3] 35 59 55 4.1 | Coarse Bees | 
grav 
Meuse R., Holland........ 12 84 131 128 10.7 | Coarse gra 
and sand 
Allegheny R., Soe f 45 48 61 8.7 | Gravel 
Czecho-slovakia . 60 33 me 5.5 | Gravel 
Miami, Ohio.. 31 31 41.3] 5.5 | Gravel 
Sacramento R.., 21 35 33 9.4 | Gravel 
Mohawk R., N.Y 32 63 53 4.4 | Gravel 
Mohawk R., N. 24 52 41.3] 5.2 | Gravel 
Horse Creek, Wyo 18 ies 24 3.8 | Coarse sand 
gravel 
Rio Grande, N. Mex....... 7| 24 40 37.3| 4.3 edium 
with 
sprinkling 
gravel 
Madaya R., Burma........ 11.3} 10 78 36 3.2 | Gravel 
shingle 
Colorado R., Colo......... 18.2) 52 85 80 4.4 oarse 
: Picetcg: | 
Boise R., Idaho........... 33 48 48 64 1.9 Cone cree 
Hudson River, N. Y..... | (58 182 161 236 4.4 Sand and bould 
Oswegatchie R., N. Y...... 23 45 37 57 2.6 Sands glaci: j 
boulders 
Rio Grande, N. Mex....... 11 59 73 83 7.6 | Sand and grav 
alheur River, Ore........ 12 29 57 48 4.0] Sand and grave 
Cache Creek, Calif. 2.77. 8 | 36 | 30 | 46 | 5.8 | Sand and gra 
Jumna River, India........ 8 36 74 61 7.6 | Cobbles 


47 | Western 
WwW 


* No failures recorded. 


t See further description in text. 
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TABLE 1.—(Continued) 
CREEP WEIGHTED 
DisTaNcr, H 
; IN Fert CREEP, 3 
Dam N L - Bead: Foundation 
No. ame ocation fant . _ | Dis- material 
af Verti- | Hori- | tance, 
cal | zontal] in | Ratio 
feet 
(1) (2) (3) 4 | ® | © | @ | ® (9) 
Non-Failures:* 
48 | Dam No. 44...... Ohio R., Ind.-Ky......... 9.0} 87 35 99 11 Sand,:. gravel, 
re : x boulders 
49 | Granite Reef...... Salt River, Ariz.......... 20 45 32 56 2.8 Gravel and 
a oulders 
50 | Marseilles Weir...| Durance R., France....... 4.3} 51 33 62 14.3 ers and 
oulders 
51 | Weber-Provo.....| Weber River, Utah....... .5| 28 36 40 4.7 Gravel and 
oulders 
52 | Strawberry....... Span. Fork R., Utah...... 15 42 63 63 4.2 Geral and 
oulders 
53 | Greeley Intake....| Cache La Poudre, Colo.... 5 34 50 61 10.2 Soke gravel, 
f oulders 
64 | Avigononet....... HLANOCG Hs z).] 64S ae sae aes 56 95 171 152 2.7 | Gravel, from cob- 
ble size to very 
1 fine san 
55 | Byrmus Paper 
Company....... W. Dudley, Mass........ 7.6) 64 19 70 9.3 | Gravel with 
boulders 
BOteRadiny..j.. 5.665. Germany. st cisjeisc tain. «she 9.7| 39 46 54 5.6 | Firm gravel 
 §7 | Talavera R....... Philippine Islands....... 8.2] 18 57 37 4.5 | Sand, gravel, 
boulders 
58 | Lujan Weir....... Argentina... Peas. nike. 8.2) 32 37 45 5.4 | Gravel and sand 
59 | Puntilla Weir..... Argentina ..20i2.1...... 15.8} 32 50 49 3.1 | Gravel and sand 
60 | Tunuyan Weir....| Argentina.............. 8.5) 19 31 29 3.5 | Gravel and sand 
61 | TwinCity (St. Paul) Miss. R., Minn:...........} 28.5) 66 101 99.6} 3.5 | Sand, gravel, and 
broken lime- 
stone slabs 
62 | St. Mary’s........ Sun R. Project, Mont... 5. 20 38 33 6.0 | Sand, gravel, 
boulders 
63 | Scotland......... Shetucket R., Conn...... 24.4) 83 134 128 5.3 | Gravel, small 
; boulders 
F 24.4) 82 102 116 4.8 
64 | Camp Humphries.| Springfield, Va.......... 8 40 12 44 5.5 | Coarse send and 
grave 
GGHGE inti. fi. Flint River, Ga......... 24 30 105 65 2.7 | Broken limestone 
67 | Oneonta.......... Susquehanna, N. Y...... 11 25 30 35. 3.2 | Sand and gravel 
68 | Piedmont......... West Virginia........... 12 18 14 23 1.9 | Boulders 
69 | Post Brook....... Post Brook, N. J........ be 50 21 57 7.6 | Gravel and 
boulders 
70 | Rahway........-- Raritan R., N. <A whicewes Gy 45 19 51 7.3 | Porous gravel 
71 Rolling ayo River| Lebanon, Ky.. ie Bes 8 30 15 35 4.4 pee and 
; oulders 
72 Sarda Barrage Sarda River, India...... 14 36 138 82 5.9 ee and 
oulders 
* t; Osage aero Rippowan R., Conn...... 10 20 16 25 2.5 | Gravel and sand 
fe y Sa 3 (AS ey Front Brook, EN AV ota ys 17 14 22 21 ig) epee and 
‘ grave 
Woodstock....... IV EFMON bce Bea «(eye «Wen 24 40 40 53 2.2 | Loose gravel 
He Juniata River. ...| Huntington, Pa......... 26 50 60 70 2.7 | Cemented gravel 
overlying hard- 
pan 
HONO 525 2ct- «o's Big Horn R., Wyo...... 49. 67 83 94.6} 1.9 | Boulders 
a Seen Le ee ey ee Rio Grande, N. Mex..... 8 17 80 44 5.6 Gang) gravel, cob- 
es 
79 | Sixth Lake....... Inlet Ne Vie eiatcietetcsremre 11 18 30.5| 28.2} 2.6] Gravel and 
: Be E boulders 4 
ADE Ahi evi hie kk Old acs Sct 8) 30 6 105 41 ‘4 rave an 
80 | Reservoir.. Muskogee a dle a 
4 Novato, nied Power Boston, Mass.......-.-- 9 40 20 46.7| 5.2 mabe and 
grave 
ich, Conn......-. 13 36 48 52 4.0 | Gravel and 
82 Dunbarton OLR iEs « Greenwich, Conn : bolder 
Fee oe Poliet, ll vas write <tc s-0 20 42 26 50.7]. 2.5 and and grave’ 
3 pete ako Union River, Me......... 32 104 90 134 4.2 | Gravelandbould- 
; ers 
Beatie le Rogue River, Ore........- 38 64 70 87.3] 2.3 | Gravel 
$8 Onoer ass ates ‘Algineds Cr. Calif’. ci. ce ate 29 70 110 106.6| 3.7 | Gravel 
87 | Dam No. 1....... Nueces River, Tex.......- 50 120 70 143.3] 2.9 | Gravel 
88 | Dam No. 2....... Nueces River, Tex.....-.-. 20 62 77 87.7| 4.4 | Gravel 
_ * No failures recorded. 


* No failures recorded. 


(c) Dams on Coarsp SAND 
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Fatlures: 
Flederborn: 
(Probable) ...... Kuddow, Germany....... { 23 49 89 
(Possible)...... 23 76 89 
Non-Fatlures:* 
Upper Coloroon...} Coleroon R., India......... 5.3} 24 44 
toy one Mahanuddee R., India.....] 12 40 69 
Riverdale meets otras Apple River, Wis.......... 24 39 62 
Sidhnais..sc2kk . ss Ravi R., Punjab, India.... 7.5) 49 53 
Godaveri R....... Madras, India............ 10.8) 48 52 
Moss Bluff....... Oklawaha River, Fla.......| 11.5) 159 40 
Florence.......... Gila River, tAriz.ccc.s.s chs 10.5) 68 102 
Dam NOs 1 6 gs 014 0 Big Sunflower R., Miss.....}| 16.9] 105.4} 34.5 
BY: 7:) | Mon Canal, Burma........ 11 23 199 
Prairie du Sac..... 
Power-house 32 160 141 
AMPK aso, fesies Wisconsin River, Wis..... 32 130 68 
Dam-vents open 29 100 24 
Columbia........ + aulinskill, INES Dictatsa-arenciw ators 26 66 31 
26 64 35 
Orantord .): ....<!.¢-4 Rahway River, N. J......: 6 16 20 
Gloucester........ Massachusetts............ 23.5) 42 35 
19.5) 42 68 
C. Humphries..... Accotink Cr., Va.......... 8 40 12 
Raritan R. and 
Bound Brook..... Millstone R., N. J....... 5.7 6 24 
Upper Nile Canal. .} Colorado................. 16 60 31 
Watertown....... oy isponts S Sat ees oe oe 15 48 20 
Leavittsburg. 5. «3: | Ohio {25 oti idics ee eibie shone 15 42 58 
Highland Pk...... Detect Moni iin. terse cre tee 14.5 4 140 
Gillespie.......... Gila River, Arig actin Sesh. 20 60 68 
Garfield... bs Fees S. Pasadena, Calif......... 16 6 80 
WAUBAU shiciece «ots s Wisconsin R., Wis......... 32 230 98 
(d) Dams on Sanp, Finn Sanp, AND Sint 
Failures 
45 50 
Narora.... dod. ess Ganges, India.:........... 13 44 99 
20 50 
Khanki (Lower 
Chenab)........ Punjab; India). «arse cee 12 15 104 
Corpus Christi Nueces, Texas............ 37 39 115 
Deqhage sip tis Wey: Qohay ENGis Taf. ots fe% « ae 12 60 180 
Kitcha Bye....... Rohilkhand, India......... 8 22 36 
Kulli Dam........ Rohillchand, Tndiat S82 . 8c) bo so el asise- nel Se oe ee eee 
Kulli Bye........ Rohilkhands:India tes. csc «| coves Maree ee lee 
Nadrai Bacage Fall| Lower Ganges, India....... 20 33 76 
6 6 9.6 
= Park.....| Lebanon, Ohio............ 6.5 8.5] 1 
Non-Fatlures: * 
Deohay. srev'se.08 Deoha R., India........... 12 140 180 
3 10.8] 42 177 
Bebe SW GID )s. =\s.0:5,¢ Mu River, Burma......... { 10/01 58 129 
Delain eircctherete ose Sones india. .tt-aneree nies 8.0] 26 112 
Dowlarshwaram...| Godaveri Delta, India...... 10 26 164 
“Ferozepore Weir..| Sutlej, India.............. 22 92 192 
Islam Weir....... Butlej, Punjabis. 2). .0.... 18 79 175 
JAIBDTAGAKeatewsets Sind, Indigaadnociscn eee 8 42 111 


7 See further description in text. 
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TABLE 1.—(Continued) qe 
CREEP WEIGHTED ; 

en "| Creep, 3 : 
Dam F Head, Foundation i 
No. Name Location Fe A Dis- material i 
eet | Verti-| Hori- | tance, x " 

cal | zontal] in Ratio 
feet 

(1) (2) (3) (4) (5) (6) (7) (8) (9) { 
dU a IRB id ct I I Re ke alts a MRL alae» Eo ee Sie A a SI a i 


Sharp sand un . 
derlaid by finmy « 
san 

Pure, coarse sani 

Coarse sand 

Torpedo sand 

Coarse sand 

Coarse sand 

Graded stratifiee 
sand 

Silt and sandt 

Sand with a littlii 
clay, gravel, 
and clayey 


san ; 
Pebbles and sanaly 


{Pare coarse sane 


Coarse sand 


Coarse sand 
Coarse sand 


Coarse sand t 
gravel 


Coarse sand 
Coarse sand — 
Coarse sand } 
Coarse sand 
Coarse sand 
Sand and gravel \ i 
Sand and gravel | 
Coarse sand 


Dry sand 
Fine sand 
Fine sand 
Light sand: i 
Quicksand andi 
gravel 
Sand 
Sand — } 
Clay and sand — 
Sand 
Fine sand at sux 


} 
: 
; 
i 
, 

4 
oil 


Fine sand 


PRs. 
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TABLE 1.—(Continued) 


CREEP WEIGHTED 


DISTANCE, 


CREEP, = 
2%) 


Foundation 


No. Name Location TataTiall 
qd) (2) (3) (9) 
Non-Failures:* 
Patt ATIKY ox auensiss, asm Punjab, India.........---- .8 | Fine sand 
< r 2 | Fi 
26 | Adimapalli....... Penner, MNGi ae eveesesyetecs- shes .0 eee rock 
DT LOV Gisi save,s oieg- + «te = India. ...6-.-see seer eee .6 | Sand and silt 
98 | L. Jhelum........- Jhelum River, India....... .2 | Fine sand 
.7 | Fine sand 
99 | Merala..........-- Chenab River, India....... ay Pine mand 
30 | Narora.........-. Ganges R., India.......--- .2 | Fine sand 
31 | Nadrai Escape Fall) Lower Ganges, India... i. 3.9 | Light sandy soil 
32 | Nzeswaran....... Godaveri Delta, India..... .3 | Sand 
33 | Panjnad Weir..... ri dia he tacts aris wie Gostens .7 | Sand + 
Panjnad Annex 
Weir.....--++-- Iris ao yeh ea ooo es Om aes 
AEA SSUltsiiale'e sais + oie 6 Nile River, Egypt.....---- 3 ste oat fine 
san 
35 | Isna (Hsna)....... Nile River, Egypt........- é Fine sand 
36 | Nag Hannadi..... Nile River, Egypt.......-. : i Fine sand; some 
coarse 
BTOAAATUA staes ec bce > ocho Nile River, Egypt........- ; Clay aeons and 
mu 
ea ET ITIL 4, ane o: sce « *h-1%8 Euphrates, Mesopotamia... Fairly hard silt 
39. | Sultan Bend...... Murgab R., Turkestan..... Probably loess 
40 | Su Chuang: ; 
Regulator Pei Ho, China.......-..- Nias Ddeateeheaae etoile. ois 
Shuice. ees >- 42’ .3 | Loess and sand 
41 | Versen....... _.| Ems River, Germany...... Sand 
42 | Ketchetovskaia...| Don River, Russia....-...- -5 | Sand 
43 | Angat River Angat, Philippine Islands... .2| Sand, gravel; 
some mud 
44 | Dam No. 48...... Ohio R., Ind.-Ky........-- .6 | Very fine sand 
45 | Dam No. 51...... Ohio R., Ill.-Ky........--- .3 | Fine pend some 
grave 
46 | Dam No. 47...... Ohio R., Ind.-Ky........+- .0 | Fine to medium 
san 
47 | Rockwood Heading Colorado R., Calif........- .8 | Very fine silt 
48 | Middle Loup...... Mid. Loup R., Nebr.....-- .8 | Sand, probably 
ne 
49 | Iron Mt... Menominee R., Mich.....- 5.5 | Fine sand 
50 | Mendota. . “*}] San Joaquin R., Calif...... 7.3 | Drifted sand 
51} Cambian.......-. Nepan River, New South 
Wralesy Sis wes sees ete tin 8.2 | Sand \ 
52 | Sandy Lake....... Minnesota... ...- 002+ ene: .O | Sand c ‘ 
53 | Bonnet Carre..... Mississippi R., La.....---- .6 | Loam, silt, and 


clay 


Weir aie eciat ieee Kern River, Calif.......+-- Hine ans and 
si 

55 | Leasburg.......-- Rio Grande, N. M. and Tex. Sand 

56 | Mottville.......-- 


Ss : BBR es St. Joseph, Mich.....---- 4.6 
Ses. (Ole apie P 5.0 Quicksand 
Sec. DD...... aie 
67 | Built for....:..-. Lowell, Mich....-----+++> 3.0 Sand 
58 | Built for.......-- Bellaire, Mich.......---+--- ae Fine, clear sand 
59 | Akron.......---:: Cuyahoga, Ohio......-+--- 4.2 | Sand and silt 
60 | Anadarko.......-- Washita, Okla......---+-: e:2 a We a 
Gl | Barlre..c.- 09 -->+ Massachusetts..--.+--++++ 4:8 malt , une sand, 
62 | Miami.....--.--- Miami R., Ohio.....-----+- 4.1 | Sandy silt 
63 | Oklahoma...----- Canadian R., Okla.....---- 6.3 | Sand and shale 
64 | Wiggins.....----- Nice Canal, Colo....-.-++- 6.2 Quicksand 
65 | Okla. City....---- N. Canadian R., Okla.....- 4.1 Hine sand and 
si 
66 | Cotulla Dam....-. Nueces River, Tex...---+-- 3.9 pine, sand and 
si 

Rogers Dam...... Muskegon R., Mich..-.-.- 3.4 | Sand and silt 
68 Oradell IDEN ringers Hackensack R., ING Dinsrecreicke 7.9 | Sand and silt | 
69 | Milliken.......--- Nueces River, Tex...---++- 3.6 | Finesand and silt 
70 | Croton Dam......- Muskegon R., Mich...-.-- 5.6 | Sand and silt 
71 | Wichita River..... Wichita Falls, Tex....----- 9.7 | Sand 
72 | Rice’s Rip....---- Waine ans cente-c tla srSgeteles 4.2 | Sand 


* No failures recorded. { See further description in text. 
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4 


The second fact is based on the data on dams given in Table 2, which — 
show that much lower ratios than were recommended by Bligh or Griffith © 
have been used successfully. As Bligh and Griffith do not give ratios for — 
material of the exact description of that existing at some of these dams, 
the writer has used his best judgment in estimating from the classifications © 


which they did give, what they would have probably recommended. 


TABLE 2.—Comparison oF OrEEP-HEAD Ratios 


RECOMMENDED ActuaL RatTIo IN 
Creep- Ratios PERCENTAGE OF 
Dam Material hea (APPROXIMATE) - RECOMMENDED: 


Bligh | Griffith * Bligh Griffith 


Dam No. 48, Ohio River. . hats fine geet runes 13.2 18 11.6-12.8 73 103-113 
ee and, very fine to me- 
Dam No. 47, Ohio River... { Bitias bitte tae eeaeel \ 13.5] 18 | 11.6-12.8| 75 105-116 
Barre, Mass...........-. Fine sand and silt..... 8.0 18 11.6-12.8 44 62-— 69 
Tron Mountain........... Fine sand............. 8.6 15 10 -11.2 57 77-— 86 
RAV ORO eia sels e.csis biwiaicls Coarse sand.......... 4.2 12 8 - 9.6 35 ‘44— 52 
Prairie du Sac........... Coarse sand.......... { ie? es 2 ad oa Me abt o 
ED pitorae ce shine cn Pcp eee 4.0 12 8 - 9.6 33 41- 50 
am No. 1, Big Sunflower and with a little clay, 

TRUVEO Sib iie alt cite bis oils { gravel, and clayey sand \ 6.6 it 8 47 83 
Tunuyan Weir........... Sand and gravel....... .0 9 6.4 66 94 
Granite Reef............ Gravel and boulders... Sn 5-9 4.8 36-64 66 
WrallalliiNs Yi. vesicccee Gravel and boulders... 2.6 5-9 4.8 30-52 54 
Oswegatchie River....... Sand and boulders.... 3.6 5-9 6.4 40-72 54 
Piedmont............... Bouldeorsi.ij. iis 'eles o's Ay es rae | 3.2 8 85 


* These values include the reduction for vertical staunching. 


Considering the two failures previously mentioned, in which the creep 
distances were substantially equal to the recommended values in connection 
with the ratios in Table 2 (in which the ratios are much less than recom- 
mended), it is a significant fact that the group that failed had nearly all the 
creep distance horizontal and the other had substantial parts ofits percola- 
tion distances along vertical or steeply sloping surfaces. In fact, not 
a single case was found in which piping unquestionably took place under a 
deep cut-off, and only one case, the Flederborn Dam (Table 1(c) Dam No. 1), 
in which it may have. The data on this failure are so incomplete that the 
piping may have been behind the abutments, rather than under the dam; 
but even if it was under the dam it probably took place at ratios much less 
than those recommended in this paper and, certainly, at ratios somewhat 
less. The failures of the Coon Rapids and Plattsburgh Dams (Table 1(b), 
Dams Nos. 4 and 5) were apparently due to defective construction, and that 
of the Pittsfield Dam (Table 1(b), Dam No. 8), to a blow-out directly . 
through the foundation material from a porous layer beneath the impervious 
layer on which the dam was founded and not along the line of creep. 

The logical conclusion from these facts is that in the design of masonry 
dams on earth foundations, greater weight should be given to the creep along 
vertical or steeply sloping surfaces than along horizontal or slightly sloping 
ones. This has led the writer to the development of the weighted-creep 
analysis of existing dams and dam failures. 
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ORIGIN OF THE WEIGHTED-CrEEP ANALYSIS 


The writer’s attention was first directed to the greater value of vertical 


_ereep by the difficulty of explaining the stability of the Prairie du Sac Dam, 


in Wisconsin (Table 1(c), Dam No. 21), with its extremely low plain creep 
ratio of 4.3 on a coarse sand foundation. The evidence from one structure, 
however, was not sufficient to justify a general conclusion. 

Frequently, when one forms a correct impression and thoroughly studies 
the literature of the subject he finds the same idea expressed by others. 
There are few absolutely unique ideas in engineering. The idea apparently 
was expressed first by Griffith, who suggested in his abridged paper® that a 
reduction could be made in his suggested creep-head values for reliable 
vertical staunching. He explains the greater effectiveness of vertical creep 
as follows: 


“First, the line of creep is subject to a greater pressure where carried to 
a greater depth; secondly, at the greater depth larger and heavier sand will 
probably be met; and, thirdly, sand carried out must be lifted up the curtain 
wall, presumably requiring greater velocity of percolation.” 

Mr. Griffith kindly supplied the data on the Kulli Bye-Wash and ex- 
pressed the conviction that his ereep-head ratios were probably too low 
unless some vertical staunching was used. The writer’s explanation for the 
difference seems to have been independently reached by Mr. A. A. Musto”. 

The effect of sheet-piling in reducing upward pressure and cutting down 
the flow through the voids in the foundation material has been discussed at 
length by Khosla” and Leliavsky“. Both seem to have reached the conclusion 
that such piling reduces the pressure by a greater amount per unit of con- 
tact length than horizontal creep. 


RELATIVE WEIGHTS OF VERTICAL AND FlorizonTAL CREEP - 


The proper relative weight to give to vertical and horizontal creep can 
be determined only by the analysis of actual dams, although some light may be 
thrown on it by an analysis of observation of upward pressure on actual 
dams. While the results of the analyses of all available data on percolation 
distances of dams do show conclusively that the horizontal creep distance 
is not as effective in resisting piping as vertical creep distance, they do not 
indicate exactly what their relative effectivenesses are. Although several 
dams without appreciable vertical creep have failed with distances that 
normally would be considered sound, no failures were found with con- 
siderable vertical creep, except at ratios much less than those ordinarily 
considered safe, and, therefore, the upper limit of weight must remain 
uncertain. 

A careful study of the upward pressure measurements on several struc- 
tures on which data were available shows that the drop in upward pressure 
along horizontal concrete surfaces is almost zero, and along a puddle surface 
somewhat more, indicating that for horizontal concrete surfaces the ratio 
might be as low as zero. It does not necessarily follow, however, that the 


22 Paper No. 142, Punjab Hng. Congress, 1930, p. 212%. 
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safe ratio for horizontal creep in considering piping failure is the same as 
in considering upward pressure. More study along this line is very desirable. 

In arriving at the decision to use a weight of one-third for horizontal — 
creep the writer listed all the structures having creep distances less than, 
or near, what might be considered the lowest safe limit, together with the 
material on which they were founded and the weighted creeps for each, with — 
weights for horizontal creep of 0.5 and 0.33. At the same time, a table was | 
made of the weighted-creep ratios which the results of analyses of actual 
dams indicated to be safe for the various creep ratios. 

In view of the uncertainty as to how low a ratio to use for horizontal 
creep, it is advisable to be conservative. As the present use of unity for — 
this weight has generally produced safe structures (although frequently 
unnecessarily conservative), it is not desirable to depart too far from the 
present standards until data definitely establishing the safety of the new 
ones are available. The writer, therefore, recommends a weight of one- 
third for the horizontal creep, although there are considerable data to indicate — 
that a higher ratio might be better. 

It should be recognized that the one-third weight may not be the best 
possible ratio in all cases. Further research may show that it should be 
varied, depending on a number of factors, and study to bring about such rela- 
tions should be encouraged. The ratio recommended, however, seems to be the 
best that can be adopted with the present knowledge. To recommend a 
definite quantity involves the danger that it will be followed blindly by some, 
without consideration being given to the manner in which it was derived. 
There seems to be no way by which this danger can be avoided. Since the 
studies have shown that, for the present, the one-third ratio seems to be the 
best that can be reached, to fail to give it would require that each individual 
dam designer go through a long process of deriving a value which he con- 
sidered satisfactory, and unless he had many ‘new data, it is unlikely that 
he would arrive at one materially better than that suggested. It is doubtful ~— 
whether many designers, particularly when working on small dams, would 
have the time available for such studies. The best method, therefore, seemed 
to be to give the value which from the available information, seemed to be — 
most satisfactory, with the warning that it probably did not represent a final : 
solution, and to present, as fully as possible, the data on which it was based, 
in order that those who desired might arrive at their own conclusions, and ' 
that when further data became available a new determination might be 
made. If no value of weighted creep was suggested, those who might adopt 
it blindly would equally blindly adopt one of the old Bligh values; and 
since this cannot be prevented, it would seem better to have them adopt 
a weight of one-third, since it would probably give them a better creep. 
distance. 


Suacrestep Weicutep-Creep Ratios 


In Table 3 are given the weighted-creep ratios which the analysis of all 
available data from existing structures (and particularly from those in 
Tables 1 and 2) indicate as necessary for safety against failure from piping 
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~ along the contact of the structure and its foundation. In order to use these 
values with safety the cut-offs must be of solid masonry built in contact 


with the earth sides of the trench, or of interlocking steel or concrete piling 
driven so that the interlock is not broken, and so that it is satisfactorily 


embedded at the top in the masonry structure. They also assume competent 


supervision during construction and efficient maintenance afterward. ‘These 
values are for major structures. Somewhat smaller values may be used 
for less important structures, ranging down to perhap 80% of those given for 
those of minor importance. 


TABLE 3.—CoMPARISON OF WEIGHTED-OREEP Ratios 
(Weight of Horizontal Creep, One-Third) 


Material Safe weighted- Bligh’s 

creep ratio value 
Very fine ATI GOTISil Gam taiece eee aielera stepe ia yee) psi sue lege ccievel ioisilels 8.5 18 
IUCr TMT Ae ceo aie ole @ sete alates piatens-s rae siete skavetais siel easier s 7.0 15 
“ils Pre SOME OO ROSES BOO RD RCI eC) MIDI ION IUCR Oar te RA OI 7 6.0 Ass 
Ra RIT Re ARIE eet tee tite mitec i ertieln roleisiane wren Win wisjermiaie Hbime) Nees 5.0 12 
Seno tetalviels ieicteicis sis ptasaice se pists ree aisissins eisis > saan PEST 4.0 ats, 
RedinNDTAVEl tcc terrace ct ees io esiee meme arie ces e mee st 3.5 See 
Se a GNI Bye Se Br ODE ORES GD OC OU Or i ROR kien aki OG Oe 9 
Coarse gravel, including cobbles.......--+---+-:+ycetrrercr ttt 3.0 er, 
Boulders with some cobbles and gravel........--- Bees role ARTES ve Deb aise 
Boulders, gravel, and sand........----++-+-eereereete tess Psat 4 to 6 
eat BEL te bn Bobb bbetae bf ete 4anco Gace ere apo Rib Cita ty 3.0 aks 
‘Wier bieinnatd Dates See GD an BOD OUD erage indian Iai UND TIO aie 7 2.0 ae 
[Pond GoSio ne Stee DIRS Ip epee ODD IC HEC OOb.OO OPS iT iat Seas 1.8 

1.6 


Very hard clay, or hardpan.....-.----++-erssersstssr ttt 


There are so many types of foundation material that it is impossible to 
give values for all. Only the usual types are given, therefore, and the other 
conditions can be determined by comparison with these. The values for 
medium and soft clay are somewhat uncertain as no record was found of 
dams founded on these materials. If the requirements of bearing pressures 
can be met, the values given would seem to be sufficiently conservative. 


RECOMMENDED VALUES ARE CoNSERVATIVE 


The recommended values have intentionally been made quite conserva- 
tive. Not a single failure was found where the dam had creep-head ratios as 
large as those given. It is possible that future experience may show that 
lower values are unquestionably safe. Quite a number of dams with lower. 
values have been built and have given satisfactory service over a period 
of years. Some _experienced engineers use considerably lower values. In a 
number of cases, however, failures have occurred suddenly and without 
previous warning in structures that have given satisfactory service over a 
long period, ranging up to twenty years. If a set of values which were some- 
what too low came into general use, it might be a long time before their 
insufficiency would be demonstrated and a large number of insecure struc- 
tures would be built in the meantime. It is better, therefore, to take a 
conservative view and make a small step in the right direction permitting 
more experience to accumulate before taking another step, than to run the 
risk of overstepping and having to go back. ’ 
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The present form of this paper has been a gradual development and is 
the third step in this process which the writer has made. In the first report 
which was based on data from approximately 100 dams, he recommended the 
plain creep theory with somewhat lower values than those recommended — 
by Bligh. As data from the Deoha Barrage and Kulli Bye-Wash became 
available, the weakness of the plain creep analysis became evident and 
a second report was prepared, based on data from 120 dams recommending a 
set of values with a weight for horizontal creep of one-half. Later data, 
largely furnished by the firms of Ambursen Dam Company; Ayres, Lewis, — 
Norris, and May; and Holland, Ackerman, and Holland which included many ~ 
dams with a high proportion of vertical creep, gave adequate basis for © 
using smaller relative weight to horizontal creep. The present paper was — 
prepared, therefore, based on a study of more than 200 dams, using a weight 
for horizontal creep of one-third. 

Low values of creep for dams founded on sand have been recommended ~ 
by Koenig. The shape of dam and sheet-piling advocated by him give © 
weighted creeps varying from 8.5 for low dams to 3.6, or less, for high ones. 
It is doubtful, however, whether his recommendations for higher heads were © 
based on actual experience. ( 

An examination of minimum weighted-creep ratios suggested as a result — 
of this study shows that they are somewhat less than one-half those recom- — 
mended by Bligh. Table 3 offers a comparison. 3 

This does not mean that Bligh’s values are more than 100% too large, or © 
that dams designed according to the weighted-creep ratios will have only 
one-half the percolation distance that dams have had in the past. The 
difference does not represent as radical a change from the present custom as 
a comparison of the ratios would suggest. The requirements of length to 
protect against scour, and to secure sufficient bearing pressure, will still neces- 
sitate considerable horizontal creep. For dams, on coarse gravel, including 
cobbles and boulders with some cobbles and gravel, the necessity of consery- 
ing all the water in some cases may require greater percolation distances, 
because the values given may permit too much seepage. 

The effect of the adoption of the weighted-creep method will be to put the 
emphasis on deep cut-offs, and will lead to their use as far as other limita- 
tions will permit. It will tend to eliminate the wide masonry-floor type 
without substantial cut-offs. For example to meet the weighted-creep 
requirements for a weir on fine sand with no vertical creep, would require 
an ordinary creep distance of 8 X 7 = 21 times the head, while the ordinary 
creep distance according to Bligh should be 15 and according to Griffith, 
124 to 16. 

Where it is possible to obtain a detailed knowledge of the extent and 
position of impervious or relatively impervious layers that may exist, the dam 
should be designed in the light of this knowledge in which case the 
recommended values would be merely guides. They are intended for use 
directly only where such information is not available, or where the borings 
indicate no persistent or well-defined impervious parts of the foundation 
material. 
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- Because of the emphasis which the weighted-creep method puts on deep 
cut-offs if the greatest economy is to be secured, it will be necessary to 
investigate more fully than before the length of apron necessary to prevent 
scour, and the best shape of dam to accomplish this purpose. The pressure 
-on the designer will be toward using as short an apron as possible and unless 
eareful studies are made there will be a tendency to adopt one that is too 


‘ghort. It should be kept in mind that the weighted-creep method deals 


with piping only, and the requirements of scour may dictate much more 
expensive structures than safety from piping would necessitate. The recent 
advances in hydraulic model tests have clearly shown the reliability of this 
means of determining the conditions necessary to prevent scour. The 
design of important structures, therefore, should include a hydraulic 
‘model study. 

Because of this emphasis on deep cut-offs there will be a tendency to use 
deep, single lines of sheet-piling. Evidence is accumulating, however, which 


shows that it is unwise to “put all one’s eggs in one basket,” and for 


important structures especially two lines of shorter piling would be much _ 
preferable to one line of long piling, as there would then be a “second line 
of defense”. Failures of these structures have already been recorded due to 
defects in the sheet-piling. These sometimes occur even with reliable engi- 
neers and contractors, and the probability of serious results is much less with 


two lines of piling. 


Groutine Beneath Horizontat Parts oF Dams 


Since the available evidence indicates that there is likely to be a poor 


eontact between the foundation and horizontal parts of dam foundations, 


improving this contact by grouting is worthy of consideration. This could 
usually be done without great expense through holes drilled in the 
floor-slabs. High pressures could not be used because they would lift the floor 
By starting at one end of the structure and working toward the other, it is 
believed that good contact could be secured. If possible, the grouting should 
be done before the head came on the structure, as otherwise much of the 


~ eement might be carried away in the flowing water. 


Reverse Firters, WeeEP-HoLEs, AND DRAINS 


Another factor that should be considered in selecting the proper ratio 


to use in the design of a masonry dam on a porous foundation is the 


possibility of using reverse filters, weep-holes, or drains. The reverse filter 
was probably first developed by Mr. J. S. Beresford and seems to have been 


used extensively about 1914. Tt was used on the Zifta and Assuit Barrages, 


on the Nile River, and on the Hindia Barrage, in Mesopotamia (Table 1(d), 
Dams Nos. 34, 87, and 38). It has been used in this country on Dam No. cp 
at Amsterdam, N. Y., and Dam No. 18, at Yost, N. Y., on the Mohawk 
River (Table 1(b), Dams Nos. 35 and 36). It consists of a filter placed at 
the lower edge of the down-stream apron, built up of a bottom layer of fine 
material surmounted by other layers of progressively coarser material. It 
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is called a reverse filter because the position of the layers is the reverse of [ 
that in ordinary filters, but the water passes first through the fine and thenif 
through the coarse material as in other filters. Its only function is to filter: 
the water seeping beneath the dam and to prevent the removal of any of the} 
fine foundation material. Although usually covered with rip-rap, the reverse | 
filter is likely to be damaged. or destroyed by the water passing over the dam| 
at high velocity. 

Weep-holes through the apron of the dam or the wing-walls have been . 
extensively used in America, but no examples have been found of their use | 
in other countries. Most of the available literature on India and Egypt, 
however, was published many years ago, and it is possible that they have 
come into use there since then. Their function is usually to relieve upward 
pressure beneath the apron of the dam and thus to permit the use of a 
thinner apron without danger of its being lifted from under-pressure. In 
recent years, pipe drains have been utilized in some cases instead of weep- 
holes. The greatest advantage is secured by combining the functions of the 
reverse filter and weep-hole by constructing a filter behind the weep-holes | 
or around the pipe drains. In this position the filter is protected from scour. 

Since piping failure results from the removal of foundation material from 
beneath the dam, if a filter prevents the removal of this material, the dam 
will be safe, even if large quantities of water are passing beneath it. The 
quantity that passes through the filter depends on the head acting on it. 
In ordinary filtration practice, a filter is frequently subjected to a head of 
water several times its thickness. If an ordinary reverse filter were sub- 
jected to such a head it would be lifted bodily. Such filters, therefore, 
cannot be subject. to much head. However, if the filter is weighted down by 
a sufficient thickness of concrete apron, it can be subjected to a much higher 
head than a reverse filter, and the dam will thus be made safe for the pas- 
sage of a greater quantity of water beneath it. With such a filter near the 
end of the percolation path of the water flowing beneath a dam, a greater > 
velocity of flow in this water is permissible and, therefore, a shorter percola- 
tion path can safely be used. 

Weep-holes and drains have been used with very short percolation distances 
between them and the head-water. In one case, a flow through the weep- 
holes sufficient to cause geysers several inches high occurred without 
apparent ill effects.” 

A striking example of the effectiveness of vents came to light at the Coon 
Rapids Dam, in Minnesota (Table 1(b), Dam No. 4). This is an ogee 
structure having a thin down-stream apron with steel sheet-piling cut-offs 
under the heel of the dam at the down-stream edge of the thin apron. Im- 
mediately behind the up-stream cut-off a drain was constructed, consisting | 
of a reverse filter discharging into a small tunnel built in the dam. Due to :! 
an accident, one of the steel sheet-piles of the up-streamm cut-off was pushed ] 
down far beyond its proper position, leaving an opening in the cut- off, and 
reducing the creep distance to the drain to 0.6 times the head. In spite of 
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his the flow through the drain does not seem to have been sufficient to excite 
arm and the defect in the cut-off was not discovered until a large hole 
vashed below the dam was pumped out during repairs to the apron and a 
jlow-out occurred. Had the drain not existed it seems quite probable that 
he thin concrete apron below the dam would have been blown up. 

Table 4 gives data on dams using weep-holes, drains, or reverse filters, 
gether with the creep head, weighted-creep head, and short-path ratios to 
the most up-stream vent, and other pertinent data. The low ratio resulting 
From the short distance from the head-water to the up-stream vent in many 
eases is striking. 

The writer does not believe that it is safe to use low ratios for drains 
or weep-holes, except where they are combined with a reverse filter. It is 
probable that the use of a drain without a filter contributed to the failure 
of the abutment of the Corpus Christi Dam (Table 1(d), Dam No. 3). For 
many years, the U. S. Bureau of Reclamation has used weep-holes with filters 
of gravel beneath with good success. Experience at the Lost River Dam™ 
shows that weep-holes without filters, or other coarse material, behind them 
are likely to clog. Although weep-holes and drains are valuable devices, 
the greatest care must be exercised in their construction. One that will 
permit the foundation material beneath the dam to pass through in effect, 
is a pipe already partly formed, and certainly no such weak spot in the 
protection of the dam should be constructed deliberately with the impres- 
sion that ip was adding to the safety of the structure. 

Weep-holes or drains have been used on dams of practically all classes of 
material. The necessity of a well-constructed filter is especially evident in 
the case of weep-holes or drains with clay, silt, or fine sand foundations, 
as the fine material could readily pass out through them unless restrained 
by an effective filter. In gravel, a filter probably would form naturally by 
the washing out of the fine material near the weep-hole or drain, in the same 
manner as a filter tends to form around the screen of a driven well. How- 
ever, in view of the small expense in installing a filter behind the weep-hole, 
it is believed that their construction is justified even in gravel. They are 
‘absolutely necessary in clay or silt, if weep-holes are depended upon to 
reduce the length of the percolation path required. 

The location of the weep-holes and filters should be given considerably 
study in dam design. From the standpoint of the prevention of piping, 
the best location for the filter is probably beneath the apron at the down- 
stream end just up stream from the cut-off wall or row of sheet-piling which 
is usually placed at the down-stream edge of the structure, the weep-holes 
discharging through the wall or piling into the rip-rap or other scour protec- 
tion material. The down-stream wall or row of piling in this case does 
not act so effectively as a cut-off, but is very desirable to prevent under- 
mining. It need be no longer, therefore, than is necessary to accomplish 
this purpose. To reduce the upward pressure on the apron it may be neces- 
sary to place the weep-holes farther up stream. They should not be placed 


4 Hngineering News, Vol. 71, April 30, 1914, p. 968. 
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farther than necessary for this purpose (unless required by safety ftom slid- 
ing) because to do so shortens the percolation path with no advantage, but 
brings a greater pressure on the filter and, therefore, increases the danger 
of failure. For this reason the installation of a drain immediately down 
stream from the up-stream cut-off is not good practice., On sand or silt 
foundations where flexible block or book-slab pavements are used down stream 
from the solid apron of the dam, it may be desirable to install weep-holes 
and a filter at the down-stream edge of the apron. With the block protec- 
tion, the water passing beneath the dam is prevented from escaping from a 
large part of the area just down stream from the apron, but is free to 
escape through the cracks between the blocks. This tends to produce con- 
centrated flows through these cracks and causes the removal of fine material, 
making an incipient pipe. 

A word of caution also may not be amiss regarding drains beneath the 
apron of dams where a hydraulic jump is formed. If the drain discharges 
down stream from the jump while its position under the apron is up stream 
’ from the jump, the pressure beneath the apron will be equal to, or greater 
than, that where the drain discharges, which, being below the jump, will be 
greater than the pressure acting’ downward on the apron, due to the thin 
sheet of water up stream from the jump. This unbalanced pressure may be 
enough to lift the apron. In the Iron Mountain Dam, in Michigan 
(Table 1(d), Dam No. 49), the drain discharges at the toe of the ogee 
section, up stream from any jump that may form. In this case the drain 
may be down stream from the jump and discharge up stream, which would 
cause an unbalanced pressure acting downward on the apron, increasing its 
stability. Weep-holes that discharge directly through the apron equalize 
the pressure on the two sides, but they should be constructed in such a 
manner that the high velocities can not suck foundation material through 
them. . : 

If it can be done conveniently, it is advisable to have drains discharge 
where the flow from them can be observed, in order that any failure to func- 
tion properly may become known. In Northern climates, reliance should 
not be placed in weep-holes or drains that may freeze up and thus become 
inoperative. 

By the use of weep-holes or drains constructed with reverse filters that 
prevent the removal of the foundation material, a reduction of the safe 
weighted distances given in Table 8 may be permitted. This assumes that. 
the vents are: (1) Of sufficient capacity; (2) free from freezing; and (3) 
located a sufficient distance up stream from the lower end of the percola- 
tion path so that practically all the under-seepage will reach the tail-water 
through them. No fixed rule can be given on these requirements, but the — 
exercise of reasonable judgment should prevent serious mistakes. For 
the location just up stream from the down-stream cut-off a reduction of 10% | 


might be permitted, and smaller reductions could be allow 
able locations. 


ed for less favor- 
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Limitations oF Orrrp: ANALYSIS 


As has already been stated, piping may occur as a result of percolation 
along the lines of contact of the dam with its foundations, or by flow through 
the foundation material itself. In a given case failure would result by 
“travel along the path which offered the least resistance. 

In order to determine experimentally the length of percolation path 
necessary to prevent piping from flow through the material, Griffith per- 
‘formed a series of experiments with a masonry trough 14 by 1} ft in section, 
filled with fine micaceous sand, and covered with earth, to determine the 
head of water necessary” to cause a blow-out. The results showed that a 
low-out did not occur until the ratio of length of creep to head reached 
values of 3.33 to 2.5 although experience had shown that creep-head ratios 
of about 144 were necessary to secure safety in dams built on this sand. 
“Griffith found that the flow of water through the sand column increased 
directly with the head until failure occurred, which came suddenly, without 
the previous formation of springs to form a channel and carry away the 
material. He also found that loading the sand decreased the tendency to 
blow out, and that water brought up suddenly on dry sand increased that 
tendency. 

Much the same results were obtained by Professor Terzaghi”, who found 
that the water percolating through the sand increased with the head until a 
point was reached at which the permeability of the sand suddenly decreased, 
and the velocity through it consequently increased, and a blow-out took place. 
_ This increase in permeability is the result of a change of position of the 
sand grains to a less compact arrangement, giving them an increased bulk 

“and greater voids. The effect of the added weight in Griffith’s experiments 
was probably to resist this change of volume and, therefore, to increase the 
head necessary to cause a blow-out. This phenomenon has also been studied 


by Osborne-Reynolds”, and by Warren J. Mead”, Affiliate, Am. Soc. C. E. 


Leliavsky has discussed a number of experiments to establish the head 
ratio at which blow-out occurs. In his paper“ he explains the difference in 
“the results obtained by various experimenters. This is due largely to the 
‘slope of the surface of the material where the water emerges. If the surface 


is inclined, less pressure is necessary to move the particles than if it is level, 
since gravity assists in the movement and a blow-out will take place, there- 


fore, with lower head. 

The data on the head necessary to cause blow-outs by flow directly through 
the material from actual dams are meager. The only dam in which failure 
unquestionably took place by flow directly through the foundation material 
is that at Coon Rapids, in Minnesota (Table 1(b), Dam No. 4). The tail- 
‘water level at this dam was so far beneath the apron that percolation could 
‘not occur along the line of creep, at least for part of the distance. This 


2% Data from an unpublished part of Griffith’s paper previously mentioned. 

2 Technical Publication No. 215, Am. Inst. of Min. and Metallurgical Engrs., p. 36. 
27 “Scientific Papers’, by Osborne-Reynolds, Vol. II (1901), p. 217. 

2‘‘The Geologic Réle of Dilatancy’, Journal of Geology, Vol. XXXIII, No. 7, 


October-November, 1925. 
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dam was on gravel and failed with a short-path ratio of 2.7. It is probable,p 
however, that the surface where the blow-out occurred was on a slope, and,! ; 
therefore, a blow-out occurred at a less head than would have been t 
case if the surface was level. 

The failures at the dam, in Port Angeles, Wash., and the Puentes Dam, 
in Spain (Table 1(b), Dams Nos. 1 and 2), may have been directly through 
the foundation material. In the former this seems especially likely. Thea 
situation in this case, however, was complicated by the piling driven just 
below the dam, which probably concentrated the flow and caused the blow- 
out (which took place with a short-path ratio of 1.9) to occur at a less 
ratio than would otherwise have been the case. The Puentes Dam failed. 
with a short-path ratio of 1.4 and probably would have held at one of 2.4,.% 
although it had not sustained this ratio long enough to be certain. 

It would seem that considerable light on this subject would be shed by 
experience with coffer-dams, as'a great many of these have been constructed. .f 
When coffer-dams sunk in a saturated material are pumped out, water flows 
up through the bottom, tending to raise the foundation material and make 
it flow into the coffer-dam. If the water level outside the coffer-dam is at 
the same level as the ground surface, and the excavation in the coffer-dam1 
is at the level of the bottom of the sheet-piling when the water inside? 
the coffer-dam is pumped out, the head acting is approximately equal to the? 
length of percolation path, making the short-path (as well as the creep) : 
ratio practically 1.0. The length of path might be somewhat greater than} 
the head, but this would probably be more than offset by the fact that the’ 
downward flow of the water outside the coffer-dam would take place through | 
a much larger area than the flow upward into the coffer-dam. The condition : 
would be that of flow through a channel of gradually decreasing cross- : 
section and the velocity at the smaller end (in the coffer-dam), therefore. 
would be greater than for flow through a uniform prism of material with | 
a length equal to the head. 

Two examples that have come to the writer’s attention may be mentioned. 
In the case of a number of bridge pier foundations in the gravel of the 
Arkansas River bed at Pueblo, Colo., there was no tendency of the gravel 
to flow up into the coffer-dams. In a number of coffer-dams in Florida, 
with sand of the fineness of table salt, there was a considerable flow. Th 
cases would indicate that a short-path ratio of 1.0 would be sufficient fo 
gravel and not sufficient for fine sand. Griffith has mentioned a case of 
coffer-dam; in fine quartz sand with small stones that failed with a short 
path ratio of 1.95. The writer hopes that discussers of this paper will supply 
instances which will throw light on this point. ; 

The data are not sufficient to define closely the safe limit of length from 
the standpoint of flow directly through the foundation material. They do. 
indicate in a rough way, however, that the assumption is justified that the 
flow takes place directly through the material when the distance is less than 
one-half the weighted-creep distance. On this basis one might assume that 
the limit of safe short-path distance would one-half that of safe weighted 


é 
Jeptember, 1984 SECURITY FROM UNDER-SEEPAGE 961 


p 


a 
} 


reep. There is another factor that enters, however: Even with well designed — 
ind maintained dams, scour may occur occasionally at the down-stream edge. 
Under these conditions the material on the side of the hole is more easily 
noved by percolating water than if it were on a flat surface. Moreover, the 
sercolating water reduces the effective weight of the particles at the down- 
stream edge of the dam and makes them more subject to scour. For this 
eason, it is believed advisable to limit the short-path ratios to eight-tenths 
of those given for weighted creep. This limitation will seldom control the 
jimensions of the dam. 

As previously, stated, there is a defect in the creep analysis when rows 
of sheet-piling are too close together. Bligh recognized this and stated that 
the percolation followed the line of creep as long as rows of sheet-piling 
were not closer together than twice their depth.” Some such limitation 
of sheet-piling spacing is necessary because it is obvious that two rows of long 
sheet-piling very close together would offer little more resistance to piping 
than one row. If the rows were a great distance apart, however, they would 
offer considerably more resistance than one. row. Bligh did not suggest any 
reason for using the limit of twice the depth rather than some other value; 
nor did he discuss what would take place if piling rows were spaced closer 
than his limiting value. 

As the flow follows the path of least resistance, Bligh’s limit seems to 
be equivalent to stating that when the piles are spaced at twice their depth, 
the resistance along the creep line is equal to that directly through the 
material, and when closer than twice their depth the resistance directly 
through the material is less than along the line of creep. When the lines 
of piles are spaced twice their depth apart, the creep distance between their 
lower ends is twice the short-path distance; and. since for this condition the 
resistance along these two paths is equal, the resistance per unit length 
along the short path is twice that per unit length along the creep line. 
Wherever there are two points on the creep path so close together that a 
path exists directly through the foundation material which is less than one- 
half the weighted-creep distance between the points, the flow would take 
place directly through the material with a resistance twice that along 
the creep path. Where several overlapping short paths are thus possible, the 
one that gives the smallest combined weighted-creep and short-path distance 
for the entire structure is that on which the travel would take place. 

j For example,. two lines of steel sheet-piling were driven 31 ft apart for 
the Middle Loup River Dam, in Nebraska (Table 1(d), Dam No. 48). One 
line extends 29 ft, and the other, 39 ft, below the bottom of the dam. 
Qne possible short path that fulfills the foregoing conditions extends 
horizontally from the end of the 29-ft piles to the longer ones. Other pos- 
sible paths extend from various points on the shorter row of piling to 
various points along the longer row. The path extending between the lower 
ends of the sheet-piling rows gives the lowest combined weighted-creep 
and short-path distance for the structure of all the possible paths, and, 


2 ‘The Practical Design of Irrigation Works’, Second Bdition, p. 168. 
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therefore, should be adopted as the path to be used. When the water follows 
the short path, the path connecting the ends of the two adjacent shee? 
piling rows will usually give the lowest weighted creep for the structur¢ 

The foregoing reasoning applies also to the weighted creep. In this cas¢ ‘ 
the horizontal creep is considered to have a weight of one-third, the vertieay 
creep a weight of one, and the short-path creep a weight of two. In computing! 
the plain and weighted creeps for existing dams, these rules have been uset l 
wherever applicable. 

The rule that the flow follows the short path if its length is less tha: 
one-half the weighted-creep distance between any two points in the creed 
path permits somewhat smaller pile spacing than Bligh’s rule, since thi 
horizontal creep, which, in Bligh’s rule, has a weight of one in computin,f! 
the creep distance, has a weight of only one-third in computing the weighted@’ 
creep distance, 

If boring records indicate a very pervious layer extending beneath th: 
dam and coming near the surface at the down-stream toe, more conservatism f 
in the short-path distance will be necessary because, as Professor Terzaghi® 
has pointed out, this condition is conducive to high ee where th 
water emerges and, therefore, danger of piping. 


Upwarp PRESSURE 


In masonry dams, upward pressure is important because of its tendencyy 
to reduce the factor of safety against sliding. Sliding is not so importan 
a factor in the design of masonry dams on earth foundations. The principai 
danger from upward pressure on a dam on earth foundations is that it wil] 
be sufficient to lift some part of the dam, breaking a new outlet opening fon§ 
the percolation which will give such a short percolation path that the dam 
will fail. Upward pressure, therefore, is a factor in the failure of 
dams from piping. 4 

As previously shown, dams may fail from piping by flow along the lied 
of contact of the structure with its foundation, or by flow directly through 
the foundation material. In all dams some flow takes place directlyy 
through the foundation material, and no doubt the usual condition is that 
most of the flow occurs in this way. If a structure is designed so as to bee 
safe against piping, the upward pressure under practically all of it willl 
probably depend more on the conditions of flow through the foundations 
material than along the line of contact. Even if a pipe did form, it would 
cover only a small area and the foundation masonry would bridge over it.: 
Therefore, although it is necessary to give creep along the contact the pre 
eminent ‘place in determining the safety against piping, it may have less: 
bearing in regard to upward pressure. i 

Under conditions in which the foundation material and its distribution 
are accurately known, it seems probable that some light on the upward pres 
sure to be provided. for, could be obtained with considerable accuracy b 
the flow net or electric analogy, although these results would be modified 
somewhat by the case of creep along horizontal surfaces. The writer hope 
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1 the near future, to investigate this further by a comparison of observed 
pward pressures on actual structures and the results obtained by the 
lectric analogy method. Where the foundation conditions are complicated 
r unknown, some approximate rule must be used. Measurement of upward 
wessure on actual dams and research by model experiment, flow net, and 
lectro-hydraulic analogy methods seem to indicate that the drop in pressure 
aused by a cut-off is greater in proportion to the creep distance than for the 
orizontal contacts. Leliavisky”, after a study of the works of Coleman, 
forchheimer, Terzaghi, and Pavlovsky, states, 


Thus, in calculating the hydraulic gradient the depth of the sheet- 
jiling should be multiplied by a coefficient — 2, (sic) whereas there is 
ready sufficient evidence to show that this coefficient should be three or 
‘our or more.” 


In other words, the horizontal creep should be weighted three-fourths, 

yne-half, or less. Until more definite data are obtained, therefore, it is sug- 
rested that when it is necessary to use an empirical rule, the upward pressure 
ye assumed to vary along the contact line in proportion to the weighted 
sreep; (in other words, that the pressure drop along the vertical or steeply 
sloping contacts per unit of length be assumed to be three times that along 
horizontal contacts or slightly sloping contacts). This is believed to be a 
conservative rule as upward pressure experiments frequently indicate that 
2 weight for horizontal creep of zero would give reasonably close results. 
_ Where lines of sheet-piling are so close together that the flow may be 
considered to follow the short path between them rather than the line of 
creep, the upward pressure along the creep line between the ends of the 
short path may be considered to vary according to the weighted-creep dis- 
tance between these points. 

Special conditions sometimes cause unusual distribution of upward pressure, 
A dam founded on pervious material underlaid with impervious material and 
with a cut-off extending nearly to the impervious material, will have a. lower 
uplift force down stream from the cut-off.. A dam with such a foundation, 
and in which the cross-section of pervious material under the down-stream end 
of the apron is less than that at the up-stream edge, will have a greater 
upward pressure over the entire base than one founded on pervious material 
of great depth. This condition was noted in the upward pressure measure- 
ments on the Grand Valley Dam", in Colorado (Table 1(b), Dam No. 40). 
A contracting of the space through which the water flows beneath the dam 
acts as a partly closed valve; it raises the pressure up stream from it and 
lowers it down stream. 

-* In computing upward pressure it should be remembered that the con- 
servative assumptions may be different from those for safety from piping. 
In the latter case, the creep under flexible aprons and similar construc- 
tion down stream from the solid part of the dam, should be neglected in 
estimating the security of the dam against piping, as their effect is uncer- 


20“On Percolation Under Aprons of Irrigation Works’, p. 46. 
31 Transactions, Am. Soc. C. E., Vol. 93 (1929), p. 1532. 
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tain and unreliable. In computing the upward pressure they should be gives 
consideration, however, as they may cause greater upward pressure to occu 
at the down-stream edge of the solid part of the dam than the other assump 
tion would indicate. For example, the upward pressure experiments on tht 
Pinhook Dam”, in Iowa (Table 1(b), Dam No. 22), showed a considerabl) E 
upward pressure at the down-stream edge of the solid part of the dam 1 
due no doubt to the flexible apron down stream, although if the ordine 
assumption for the design of such structures for safety against piping wer 
used in determining the position of the end of the creep path, there would , 
be no upward pressure at that point. : 
At this point it is worth while to suggest that the upward pressure bo 
assumed to be applied at the bottom of the foundation; it really is so applied ana 
has a magnitude equal to the difference in elevation between this poind 
and the piezometric line. The total weight of the masonry (in air) anc 
of any water which may be above it, can then be considered as resisting thid 
pressure. This will eliminate any uncertainty as to whether or not tha 
masonry ought to be considered as submerged (and, therefore, as having lossp 
weight) and will prevent a mistake sometimes made, of measuring the up: 
ward pressure by taking the difference between the elevation of the top obp 
the apron and the piezometric line, while still assuming the full weight 
of the masonry available to resist it. Experiments by H. de B. Parsonsa§ 
M. Am. Soc. C. E.,* and others, have shown the necessity of assuming that® 
the upward pressure acts over the entire area of the base of the dam. 
Bligh advocated a factor of safety in determining the thickness of thed 
apron required to resist the upward pressure, by making it heavy enoug! 
to resist four-thirds of the computed upward pressure. It would be desir~ 
able to analyze all existing upward pressure measurements to fix more¢ 
accurately what factors of safety are required, since there is considerable 
evidence that the pressures will be less than computed either by the Bligh, 
or by weighted-creep, rules. Until further information is available, how- 
‘ever, it is believed that the factor of safety of four-thirds used by Bligh: 
should also be used with the weighted-creep rule. a | 


ConcLUSIONS ; 5 


The ordinary method of analyzing a masonry dam on an earth foundation 
to secure safety against piping, which is usually ascribed to Bligh, is faul 
in that it does not consider the greater probability of percolation along level | 
or slightly sloping contacts between the dam and its foundation, than along 
vertical or steeply sloping contacts. The flow-net and electric- -analogy 
methods are faulty in neglecting the lesser resistance along the line of con- : 
tact of a dam with its foundation as compared with that directly throu 
the foundation material. 

- Piping may occur in two distinct ways: (1) By flow along the line of ' 
contact of the structure and its foundation; or (2) by flow directly thrial | 
the foundation material. Flow ordinarily occurs along both these paths in 


82 Transactions, Am. Soc. C. E., Vol. 93 (1929), p. 1551. 
8 Loc. cit., p. 13817. 
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averse proportion to their relative resistances. Considerable light on the 
robability of failure from the first of these causes can be obtained by 
xperimental methods, but the second cause must be studied largely by an 
malysis of the action of actual dams. 

_ From the result of an analysis of the action of more than 200 dams, it 
as been found that creep along contact surfaces having slopes with 
he horizontal of less than 45° should be considered to offer only one-third the 
esistance to piping as those with slopes of 45°, or more. 

_ Analysis on this basis may be’ called the weighted-creep analysis, the 
reep along surfaces that slope less than 45° being termed “horizontal creep” 
nd that of 45°, or more, “vertical creep”. It should be noted that these 
lopes are those of the surface of contact. The slope of the path taken by 
he water of a dam may be different. The weighted-creep distance of a cross- 
‘ection of a dam is the sum of the vertical creep distances plus one-third 
he sum of the horizontal creep distances, and the weighted-creep-head ratio 
s the weighted creep divided by the effective head. 

__A schedule of safe weighted-creep-head ratios for use in the design of 
major structures is given in Table 3. These values can only be used for solid 
masonry cut-offs built directly against the earth, or for interlocking steel 
or concrete sheet-piling driven so that the interlock is not broken and with 
the top of the piling satisfactorily embedded in the masonry of the dam. 
Competent supervision during construction and efficient maintenance are 
assumed. If all these do not exist higher values must be used. For less 
important structures these ratios may be reduced somewhat, to perhaps 80% 
of the values given, for very minor structures. 

- Reverse filters, weep-holes, and drains are aids to security, and weighted- 
ereep-head ratios may be reduced as much as 10% if they are used. The 
best form is a weep-hole with a reverse filter behind it. For best results 
vents should be far enough from the end of the travel path to insure that 
most of the flow passes through them. Except to reduce upward pressure, 
they should not be farther up stream than necessary to accomplish this pur- 
pose. Usually, the best location, from the standpoint of piping, is just above 
the down-stream cut-off, venting through the cut-off. The position of the 
hydraulic jump should be considered in locating vents. Great care must. 
be exercised in constructing vents or drains. 

In all cases care must be exercised to insure that cut-offs are properly 
tied in at the ends, so that the water will not outflank them, and that 
there is no short route behind or under the abutments through which a 
channel may be formed. 

In order to prevent failure of dams by percolation directly through the 
foundation material the short-path-head ratios should not be less than eight- 
tenths of those recommended for the weighted creep. 

Tf any two points on the creep line are so close together that the short 
path between them is less than one-half the weighted-creep distance between 
them, flow may be considered to take place directly through the material, 
the length of this travel being given a weight of two. Where more than one 


RPAwe. 


966 SECURITY FROM UNDER-SEEPAGE | ; 


/ im 
short path is possible between the same parts of the creep path, the one thaf) 
gives the smallest total weighted creep for the structure should be used. 


that the drop in pressure from head-water to tail-water along the conta: 
line of dam and foundation is proportional to the weighted-creep distancg 
Between sheet-pile lines that are so close together that the short-path limits : 
tions apply, the total pressure drop may be computed as proportional to th 
short-path distance with its weight of two and may be distributed between th 
two ends of the short path in proportion to the weighted creep betweeq 
these points. 


j ACKNOWLEDGMENTS 


analyzed in this paper without the hearty co-operation of a large number c 
engineers. The sources of data on the individual dams is acknowledged i 
full in the original manuscript. Other acknowledgments are made in 
number of places in the text. In addition, the writer wishes to express hil 
indebtedness to the following: 

To the Ambursen Dam Company for the data on a large number of damm 
of the Ambursen type, on earth foundations, with most of which tha) 
Company was connected as designer or contractor; to Messrs. Ayres, Lewis 
Norris, and May, for data on dams designed by them, or by the lat 
Gardner 8. Williams, M. Am. Soc. C. E.; to Mr. W. M. Griffith for man, 
valuable suggestions and ideas and for data on several dams; to Messrs 
Holland, Ackerman, and Holland for data on a number of dams designeap! 
by them; to the Department of Public Works, Philippine Islands, for datig: 
on dams built by it; to the Verein Deutscher Ingenieure and the Deutsch# 
Wasserwirtschafts and Wasserkraftverband for assistance in securing im 
formation on failures in Germany; to the U. 8S. War Department and itt 
various District Offices for data on dams built by the U. S. Corps om 
Engineers; to D. W. Mead, Hon. M. Am. Soc. OC. E.; A. L. Alin, H. Fi 
Babbitt, J. L. Burkholder, E. L. Chandler, C. H. Eiffert, B. A. Etcheverryy 
D. C. Henny, L. C. Hill, Ivan E. Houk, R. D. Goodrich, John H. Gregoryy 
Fort Kurtz, R. B. McWhorter, and the late William W. Tefft, Memberss 
‘Am. Soe. C. E.; to George R. Clemens, Assoc. M. Am. Soe. C. E.; to Messrss 
P. Bier, G. P. F. Boese, H. N. Eaton, W. H. Frazer, Charles G. Gablemende 
C. C. Neher, Paul A. Nelson, A. D. Williams, and numerous others, fow 
assisting in securing data and for valuable suggestions. The writer was assistecg 
in preparing the data and drawings by Messrs. Walter H. Price, W. 
Bingham, and Richard J. Willson. 7 

This paper represents the result of a study made for the U. §. Bureav 
of Reclamation to assist in the design of an intake dam on the Colorade 
River for the All-American Canal. All the work of this Bureau is under 
the direction of Elwood Mead, M. Am. Soe. C. E., Commissioner oft 
Reclamation. All engineering work is in charge of R. P. Walter, M. Ama 
Soe. OC. E., Chief Engineer. The study was carried out under the immediate 
supervision of J. L. Savage, M. Am. Soc. CO. E., Chief Designing Engineer 


i MERICAN SOCIETY OF CIVIL ENGINEERS 
¢ Founded November 5, 1852 


Pahgeek 1. 


Se eae —— 


7 


“UPLIFT AND SEEPAGE UNDER DAMS ON SAND 


By L. F. Harza!, M. Am. Soc. C. E. 


SyYNopsIs 


. The basic principles of flow under dams on sand are presented briefly in 
this paper in the hope of stimulating scientific study of this much neglected 
subject. Analytical methods applicable to some familiar types of foundations, 
and graphical and electric analogy methods of general application are 
described, by which can be determined the theoretical laws governing: 
(1) The hydrostatic pressure along the foundation contact; (2) the hydraulic 
gradient with which the water escapes upward at the toe; and (3) the 
approximate leakage under the structure. These theoretical laws are to be 
used as scientific nuclei around which to build future experimental data and 
field observations to the end that the order of magnitude of field variations 
from scientific principles and the safe coefficients or factors of safety for 


practical applications may be determined. 


INTRODUCTION 


The problems encountered in the design of a masonry dam on a sand 
foundation are: 

(1) To provide safe conduct for seepage water under and around it, so that 
neither foundation nor bank material will be removed. 

(2) To reduce seepage losses under and around it to a reasonable and 
economic minimum, consistent with construction economy and the value of 
wasted water, safe conduct being assumed under Problem (1). 

(3) To obtain stability of structures under all conditions of loading, uplift, 
overflow, buoyancy, tail-water fluctuation, etc. . 

(4) To design the structure so as to distribute the load and to minimize 
settlement, and to permit it to accommodate itself to unavoidable settlement 
so as to prevent internal stresses and cracking. 


Norn.—Discussion on this paper will be closed in December, 1934 Proceedings. 
_1Cons, Engr.; Pres., Harza Eng. Co., Chicago, Il. 
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(5) To destroy the energy of waste water at the toe of the spillway in such 
a manner as to avoid injury to the apron and to minimize the erosion 0 
stream bed and banks. 

(6), To anticipate, in the design of all structures, the possible limi 
of degradation of river channel helow the dam and consequent snbsidence 0 
tail-water level as affecting (a) undermining and stability of structures: 
(b) functioning of spillway; and (c) loss of draft head (if hydro-electric) 

Problems (5) aud (6) are related only to spillway structures and will not 
be considered herein because of prescribed space limitations of this paper 
Problems (1) to (4) require a knowledge of: (1) Uplift pressure, (2) upward 
escape gradient at the toe; and (3) seepage volume. This paper will be 
confined to a treatment of the fundamental principles of deternining theses 
conditions, indicating methods of investigation and study, but for the most 
part omitting illustrative examples of their application. - 

Bligh’s Empirical Coeficient—Modern practice in the design of dams ont 
sand was developed to a great extent from experience in India, as elucidate 
by Mr. W. G. Bligh. His empirical coefficient, C, now generally called the 
“percolation factor” or “coefficient”, is the ratio of the percolation distanced 
of the water passing under the dam to the applied head. It is thus thes 
reciprocal of the average “hydraulic gradient”. For four classes of material, 
Bligh recommends the percolation factors given in Table 1. As the percola- 


TABLE 1.—REcoMMENDED PrERcoLATION Factors 


Class Description of material Cota 
rt 
TRAV ET: River beds of light silt and mud, such as that of the Nile.. ............. 18 ; 
ee. «9 Fine micaceous sand, as in the Himalayan rivers and in such rivers as the . 
Colorado in the United States... va SSC A ness BIO e REL 15 
Baer ee Coarse-grained sands, as in Central and South India (this is the most com- : 
MOM CYDO) Fe Trveltsole suate, le .allssa eis eh s.4 ms sara .alere, e Poll ac terey tare mtoletele miebene alata 12 
4.....+.| Boulders or shingle and gravel and sand mixed..............c.ceececeece 9 to 5* H 
pS ne he es ire COIN Ge 
era an na a. Sone Rie Ca mec joo eee eS t 
*Varies ; 


tion distance, Bligh uses what is sometimes called the “line of creep”, defined 
as the total length of contact between structure and sand, from head-water 
to tail-water. This assumes that seepage will follow along the bottom of 

structure until sheeting or some other cut-off wall is encountered; thence 
downward along and under this cut-off; thence upward on the see eee 
side of the cut-off and again along the bottom of the structure. In lieu of 
the “line of creep”, the “short path” distance of flow is sometimes used, 2 
defines itself. 

The Bligh coefficients were based upon meager data as to failures, and upon, 

only superficial descriptions of the foundation materials. They were devel 
from observations of the behavior of low spillway weirs consisting frequently — 
of loose rock-fill between longitudinal dividing walls. This type of weir waah| 
scarcely more than a well-paved, sloping stream bed where the erosion of the 
dam and the stream bed was perhaps the primary consideration. These co-_ 


2“The Practical Design of Irrigation Works”, by W. G. Bligh, D. Van Nostrand Co. 
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efficients have since been broadly applied to non-overflow and massive types 
for which they were not intended. The reliance which has thus been placed 
upon them is an indication of the primitive state of the art and of the 
tendency of the profession to lean upon precedent and rules after they have 
once been codified, as by Bligh. The writer feels that this, perhaps, too 
definite statement of coefficients has long served as a deterrent to further 
progress in the study of this problem. The man who does not use what others 
have used before him must accept more responsibility as the price of his 
initiative. 

The writer hopes to reveal some basic principles which may help to estab- 
lish a more scientific approach to the problem. He is fully aware that, if 
such approach is based upon the assumption of homogeneous foundation 
material, the conclusions may not be closely paralleled in practice. If 
based upon the best available data as to variations in material, they will 
at best be only rough approximations because of ‘the difficulty and cost Gf 

not impossibility) of obtaining accurate knowledge by borings, wells, pump- 
ing tests, and other available methods, of complex natural deposits. Neverthe- 
less, a knowledge of the laws of underflow in uniform material is valuable 
in revealing basic principles. Such knowledge will form a basis for intel- 
- ligent modification by the choice of a factor of safety dependent upon the 
degree of non-uniformity, and upon the extent of uncertainty as to existing 
conditions. Before attempting, however, to develop a rational rather than a 
purely empirical basis for the design of dams on sand, it ig necessary to 
inquire rather minutely into the principles of the hydrodynamics of soil, and 
_ the forces exerted by seeping water. 4 
Darcy's Law.—The principle stated by Darcy* that the velocity of seepage 


is proportional to the hydraulic gradient has been long the fundamental basis 


of attack, many times verified, for all types of granular material. Thus, with 
a quantity, gq, flowing through a gross sectional area, a, with net effective 

' yelocity, v (applied to the gross section), through a length of path, 1, under 
a head, fh: 


Mike 


h 
; ) 


and, 


In Equation (2), K is the net effective velocity of seepage (as through the 
gross section rather than the pore section) through a volume of the material 
of unit length subjected to unit head; or it may be expressed as the velocity 
under a hydraulic gradient of unity, and is known as the “4 ransmission con- 


stant”. The constant, K, is dependent upon temperature, effective size and 


shape of grains, density, type of packing, and porosity. It has been jnvesti- 
gated by the late Allen Hazen,‘ M. Am. Soc. C. E., and by Professor 
©. S. Slichter.* 


3 “Les Fontaines Publiques de la Ville de Dijon’, 
4‘Rept., Mass. State Board of Health, 1892. 
5 Water Supply and Irrigation Papers Nos. 67 and 140, U. §. Geological Survey. 


par H. Darcy, 1856, p. 590. 
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GENERAL Principle of PressurE DuE To FLow 


Flow through a granular material can only occur as a result of, and in 
the direction of, a decrease of hydrostatic head as between two points in the 
material; and such decrease in head along the path of flow exerts a force 
upon this material, in the direction of flow, in the form of a higher pressure 
‘on the approaching side than on the receding side of each grain of material. 
Obviously, if the hydraulic gradient is unity the differential pressure on 
each particle will be equal to its displacement. For greater or smaller 
gradients the pressure exerted on each particle is proportionately greater or 
less than the displacement. The action is also complicated and increased by 
hydraulic friction and is of sufficient importance to analyze in detail. Con- 
sider some simple examples to illustrate the principle. 

Pressure on Bottom of a Cylindrical Vessel—Let s = specific gravity of 
sand grains = about 2.65 average value; w = unit of weight of water; 
P = percentage voids in the material; A = w (1 — P) = displacement of 
one cubic unit of material; w s = weight of one cubic unit of solid material; 
ws = w (s —' 1) = submerged or buoyed unit weight of solid material; and 
wi = w(s—1) A — P) = buoyed unit weight of loose material. 

If sand and water are placed in a cylindrical vessel with a solid bottom, 
the pressure, p, on the bottom will be: (1) The independent weight of the 
contents; or it may be conceived as produced by, and equivalent to, (2) that 
of hydrostatic pressure transmitted undiminished through the sand and act- 
ing over the entire bottom area, plus the submerged or buoyed weight of 
sand. These conceptions can be expressed by the following algebraically 
equivalent equations, respectively (see Fig. 1): ; 


“2s we- oe 


pS. , 8 
es et ig ee ae 


p = wahky + waPh. + wahes (1 — P)iis.. sc eee eee un (8) 
and, 


p = wa (hi + he) + wahe (s — 1) (1 — PP)... wee eee (4) — 


Fig. 1. Fic. 2. 


Cylinder with Screened Bottom.—lIf the bottom of the cylinder is screened 
instead of solid, one assumes water to be supplied at the top of a cylinder at 
the same rate as it escapes by seepage from the bottom, thus maintaining 


.% 
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a constant conditions. It is obvious that the load on the screened bottom 


must remain equal to the contents of the cylinder as on the solid bottom; and 
yet no part of this load is transmitted to the bottom by static hydraulic 
pressure as before. It is exerted entirely through the solid material, the water 
acting only to increase the effective weight of the particles and thus to 


: increase the pressure on the screen of the bottom-most particles in contact 


with the screen. 

Thus, Fig. 1 represents the solid bottom with piezometers both standing 
level, each sand grain being acted upon by buoyancy. Fig. 2 shows a screened 
bottom with the entire head, h., lost in friction through the sand, and with 
ha = 0 (except for a slight film of water to prevent capillary action). Then, 
the loss of head is 1 ft per ft of sand column, or just enough to overcome 
buoyancy; that is, the hydraulic gradient is 1.0. There is no static water 
pressure anywhere in the columu, and, therefore, the pressure on the top 
and bottom of each sand grain is zero, indicating that there is neither 
buoyancy nor downward static pressure acting on the sand grains. The sand 
load, therefore, is its own dry weight plus only the hydraulic friction of the 
seepage flow. This friction, which results from a gradient of unity, must, 
therefore, equal the weight of pore water, = waheP, if the total pressure on 
the screen is to remain equal to the pressure on the solid bottom. This force 
seems to be partly of the same nature as the forward thrust of flowing water 
caused by friction with the wall of a pipe; or, it may be contributed partly 
by the excess dynamic force on the approaching side necessary to deflect the 
flow around each particle, and the corresponding deficient pressure on 
the down-stream side. 

It is now evident that the forces exerted by water flowing through sand 
are composed of three elements: (1) A static differential pressure on the 
approaching and receding faces of each grain, resulting from the reduction 
in pressure along the route of flow and acting in the direction of flow; (2) 
a frictional or dynamic force acting in the same direction; and (3) buoyancy, 
acting upward and unrelated to the flow. For a gradient of unity, the dif- 
ferential static heads on the approaching and receding faces of each particle 

- differ by the mean thickness of the particle, and, therefore, the force exerted 
is equal in amount to the displacement of the particle. Furthermore, the 
frictional-dynamic force is equal to the weight of the pore water, as previously 
proved, and the total force, therefore, is equal to the weight of water neces- 
sary to fill the total volume of the cylinder. With the hydraulic gradient 
greater or less than unity, obviously, the differential static pressures on each 
grain will increase or decrease in like proportion, and to maintain the 
accuracy of Darcy’s law the frictional-dynamic forces must also vary in like 
ratio, the two combining to form the “gradient pressure’. 

The conclusion is justified, therefore, that under all conditions, the 
increment force, in addition to buoyancy (or “gradient pressure”), exerted 
by seeping water against a volume of granular material will be the difference 
in hydraulic head at the approaching ‘and receding faces of the volume 
applied to the entire cross-section, as on a solid, instead of granular, piston, 
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although the pressure is actually applied gradually through the material 
instead of against an impervious face. The aforementioned principle can be: 
demonstrated mathematically in a much briefer manner, but the foregoing; 
dissected method is chosen to give a clear conception of what transpires in| 
the pores of the material. A few illustrations will further clarify this point. , 


Fie. 3.—THm GENERAL CASE OF SEEPAGH THROUGH A SAND COLUMN } 


In the general case (Fig. 8) of seepage through a sand column of Cross- 
Section a, the total differential force between Points A and B resulting from : 
movement of the water will be wah. This must be added vectorially to the. 
buoyant weight of sand, wal (s — 1) (1 — P), to obtain the total resultant — 
force. In Fig. 8(a) the seepage force and buoyancy act opposite; in 
Fig. 3(b), normal to each other; in Fig. 3(c), at a variable angles ahi 
in Fig. 38(d), in the same direction. , f q 
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Quicksand, Sand Boils, Piping, “Flotation.’—The most important case in 
3 its bearing upon the safety of a dam founded on sand is that of Fig. 3(d), 
in which water is flowing upward through the material. Here, the force 
_ of flow or “gradient pressure” combines with that of buoyancy to reduce the 
effective weight of the material and will actually float the material if 
the internal hydrostatic pressure of the seeping water becomes equal to, or 
greater than, the load of superimposed material. This critical condition 
~ occurs when: 


wah = wal (1 — P) (8.c¢ Di eeeernate nse cht ) 


and the “flotation gradient” is: 
FP, =i = igi2ig wes LoS h LRP ngMnOR eae RIE eC) 


Charles Terzaghi,© M. Am. Soc. O. E., has studied this phenomenon by 
platting a curve between the quantity of percolation upward through a 
 eylinder of sand and the hydraulic gradient or “escape gradient” required 
to produce it. He finds a sudden increase in percolation when the critical or 
_ “flotation gradient” is reached (see Fig. 4) and explains it by calling atten- 
tion to a sudden swelling of the sand into a more porous or “quick” condi- 
“tion. “Quicksand” is thus primarily a condition characterized by the flow 
of seepage water upward through the sand, rather than a characteristic of 


Ee 
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Fic, 4.—UPWwARD GRADIENT. 


the material itself; and, yet, it is customary to associate the term, “quick- 
sand”, only with fine sand. This is the case because fine sand when once 
expanded with an excess of pore water and consequent voids, retains this 
-eondition for some time even with the removal of pressure because of the 
greater resistance to, and time required for, escape of the contained water 
through the small pores. Any granular material, such as coarse. sand or 
gravel, may become “quick” with a sufficient supply of water, and under 
sufficient pressure, to satisfy the critical equation. The jetting of piles is 
merely the artificial creation of a “quick” condition to make the sand 
more fluid. 
6 Technologic Publication No. 215, Am. Inst. of Min, and Metal. Engrs., p. 36. 
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Flotation at Toe of Dam—Fig. 5 is a summary of the forces acting or 
a unit volume of sand along the route of seepage under a dam, exclusive of 
the load of the structure. In this diagram, G = the gradient or hydraulic 


thrust = a ; Ws = the submerged weight of sand; and R = the resultant 


of G and W. It will be noted that the water entering the foundation sand 
on the up-stream side of the dam adds to the effective weight of the sand, and 
tends to compact it. This increases its resistance to seepage at entran¢ 
which is also increased by the formation of a filter skin. Under the middle 
of the dam the seepage causes a horizontal load on the sand while the buoyed 
weight is downward, and the resultant inclined. On the down-stream side 


Fie, 5.—Forcrs ACTING on A UNIT VoLUMn OF SAND ALONG THE ROUTE OF 
SEEPAGE UNDER A DAM. 


of the dam the water rises to the surface and its gradient pressure tends to 
combine with the buoyancy to reduce the effective weight of the sand. From 

Fig. 5 it is evident that the sand is in a stable condition throughout the 
route of seepage, except as it rises to escape at the toe. Under critical 

conditions, therefore, there is no similarity to imminent pipe flow and the 
word, “piping”, is not descriptive, but is actually misleading. The word, 

“flotation”, is descriptive of this critical condition at the toe, and will be 
used herein. The “escape gradient” is vertical at the surface and tends 
always to reduce the effective weight of the material. Tf it reaches the 
critical value, or “flotation gradient”, actual flotation results. The sand 
swells, causing an increase in porosity, and perhaps flows away with escap- 
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: ing water. Thereafter, the resistance to escape is further decreased which 
may further increase the flow and escape of sand. Thus, the sand may crumble 
back from the point of escape until a channel is progressively opened from 
tail-water back to head water under the dam. This result is evidently re- 

: sponsible for the word, “piping”, and for the misconception of the nature of 
the phenomenon which the word implies. “Flotation” is the cause and “pip- 
ing”, the effect. If “flotation” is prevented, piping cannot occur. Therefore, 
a designer is concerned as to safety only with the conditions obtaining at 
the point of escape of the seepage water. 

Uncertainties enter into the computation of the critical conditions of 
flotation at the toe because cross-flow may occur by convergence toward 
the easiest point of escape where the material is non-homogeneous, and the 


_ : h : ; 
hydraulic gradient, ui at the point of escape is seldom equal to the average 


gradient, 2 , even in homogeneous material. Furthermore, if streaks, lenses, 


or strata of porous material are interbedded with finer material, the relative 
permeability may encourage concentration of flow from the finer into the 
coarser material near the outlet, giving the latter more than its proportionate 
quantity and a higher rate of loss of head at the point of escape. It is the 

_ function of the factor of safety, if not otherwise discovered and provided for, 
to allow for such conditions. This has been) discussed by Professor Terzaghi 
finder the subject of “Minor Geologic Details”, although it is often of 
major importance to the success of the structure. The existence of such 
“minor details” does not alter the origin of the failure as that of toe flota- 
tion. It does add to the difficulties of predicting the local flotation gradient. 
In fact, as stated by Professor Terzaghi’, often such “features can be pre- 
dicted neither from the results of careful investigations of a dam site nor 
by means of a reasonable amount of test borings”. 

Considered as a purely laboratory problem, the determination of critical 
or flotation gradient for a given material is reasonably definite once the 
characteristics of the material are known. In Professor Terzaghi’s experi- 
ments on varied materials’ the measured internal pressure to cause flotation 
always equalled or exceeded the theoretical, by ratios varying from 1.00 to 1.24. 
Thus, in general, the computed critical pressure apparently is on the safe 
side, and no factor of uncertainty need be introduced except to the extent 


that the relation of the escape gradient, —, to the known dimension of the 


structure is unknown and in so far as the characteristics of the sand and its 
stratification are unknown or incapable of interpretation in terms of the 
gradient at the point of escape of the water. 


pe rome Sie Se 
7 Technical Publication No. 213, Am. Inst. of Min. and Metal. Engrs., p. 31. 
8 “Brdbaumechanik”, p. 132. ‘ 
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The three conditions requiring determination in order to design or test a. 
dam on sand are: (1) The uplift pressure under the base of the dam, as | 
related to its weight; (2) the vertical escape gradient at the toe as related | 
to the physicat characteristics of the material; and (3) seepage volume, . 
although not mathematically related to safety. 

In all mathematical or experimental investigations of base uplift pressure | 
or flotation gradient at the toe, in homogeneous material, the transmission 
constant, K (Equation (1)), cancels out. Neither Criterion (1) nor Cri- 
terion (2) is dependent upon quantity or velocity. Regardless of the size 
and porosity of the material, there is the same total head to dissipate in the 
same distance and, therefore, it will be dissipated at the same rate in any 
homogeneous material; the quantity of water that escapes will be directly 
proportional to the transmission constant; the water will escape with the 
same toe gradient and will cause the same uplift pressure under the base. 
Thus, in homogeneous material, the amount of leakage is largely an economi¢ 
problem. Even a foundation of large boulders with no finer material might 
be safer with a large leakage than finer material with negligible leakage, or 
vice versa A method of estimating leakage will be introduced later. 

Graphical Analysis.—F orchheimer has developed a very ingenious graphical 
method’ of platting the lines of flow and equal pressure lines conveniently 
called a “flow net”, illustrated in Fig. 6, and based upon flow in a plane 


LEELA SLES 


SY 


WISTS 


S SALES 


Fig. 6.—TyPican “FLOw Ner” or LINpS or FLOW AND 
EQUAL PRESSURB, 


normal to the axis of the dam. The same quantity of water is assumed to~ 
flow between each pair of consecutive flow lines. The velocity, therefore, must 
be inversely proportional to the spacing of these lines at each point. Since 
the drop in pressure is directly proportional to the velocity, the spacing of the 
equal pressure lines must everywhere bear a constant ratio to the spacing 
of the flow lines at that point. It is convenient to make the spacing of the — 
two systems «yf lines equal and each figure an approximate square with 
the same average breadth and length. q 
Since direction of flow is in the direction of drop of pressure, the lines 4 
must everywhere intersect at right angles. With these principles in mind 
° “Hydraulik”, von Ph. Forchheimer, 1930, p. 82, <r 


_ 


4 
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the problem becomes purely geometrical, a process of successive approxima- 
tions, or “trial and error”. Obviously, the first flow line must coincide with 
the contract line of the structure with the sand. The last line must coincide, 
or must be parallel with, the rock line. On attempting to plat such a system 
of lines it will soon be discovered that they. must be spaced closely at the 
protruding corners of the structure, and at the tip of the sheet-piling; other- 
wise, obvious distortion and reverse curvature and non-parallelism with the 
rock will result. 

Some practice will be required to make reasonably close assumptions 
as to the spacing of the first strip of squares adjacent to the structure. As 
the network is then built downward and outward, if inconsistencies develop, 
it is necessary to re-assume the spacing of the first row and proceed again 


- until consistent curves are obtained. The process is a tedious one, but is 


mathematically sound within the limits of accuracy of the approximation of 
the small distorted figures to true squares. Strata of assumed greater or less 
permeability can be introduced by this method, involving complications 


' which would defy mathematical analysis”. 


The Hydraulic Electric Analogy—The fact that Ohm’s law for flow of 


electricity, (< = ee re «) , is identical in form with Darcy’s law of 
R l 
flow of water in granular material (see Equation (2)) permits the solution 
of underflow problems, by electric analogy utilizing the principle of a 
Wheatstone bridge. The writer’s acquaintance with this principle was first 
obtained from’ E. W. Lane, M.: Am. Soc. C. E.* Other investigators 
have platted complete “flow nets”” which are very fascinating and instructive, 
but the writer has chosen to determine only the three important criteria in 


order to economize time and cover the greatest number of conditions in a first 


survey of the field. ; 

The writer’s “tray” is connected somewhat differently from that of previous 
investigators, as shown in Fig. 7. It is 24 by 46 in. in size, utilizing a salt 
solution about 1 in. deep. Copper terminals, X and Y, permit simulating 
the base of a dam, 20 in. or less in width, A B, of any desired sectional design. 
With Switch EZ closed to F, the earphones, P, permit the determination of 
the proportionate voltage (or hydrostatic uplift head) drop at C along the 
base by selecting Point D to produce silence. Likewise, to determine the re- 
sistance of the solution between the copper strips, X and Y, Switch F is 
closed to F’ through the known resistance, f, with earphones con- 
nected to C’. 

To obtain unit resistance of the solution for parallel flow the two main 
terminals are changed from the copper strips, X and Y, to X’ and Y’, in a 
bakelite frame temporarily immersed; or the copper strips, X and Y, are 
replaced by strips along the entire ends of the tray while the model of the 
dam base is removed. Knowledge of the exact depth of the solution is not 
necessary and would be difficult to determine in such a shallow tray and 


10 Technical Publication No. 215, Am. Inst. of Min. and Metal. Engrs., p. 39. 
1 Oivil Engineering, October, 1934. 


978 UPLIFT AND SEEPAGE UNDER DAMS ON SAND Papers’ 
likewise would be subject to frequent change by evaporation and replacement. 
It is only necessary to know the resistance between the terminals, X ou Ya 
compared with the resistance producing parallel flow, as between X’ and 
Y’, in an equal depth of solution. 


110v 
Lamps, 
pei 
©) 
: rie 
1A Cc B 
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Ear Phones O W ed 
©) 


Quantity of Seepage.—In order to estimate the quantity of seepage to be 
expected under a given type of foundation, it becomes necessary to correlate 
the tray analogy with the physical characteristics of the material in the field. 
There is no present method known to the writer for determining the trans- 
mission constant, K, for sand in place except by Slichter’s method of measuring 
velocity of underflow combined with test pipes for measuring slope. The 
pumping of a test well or test pit does not now give K because the informa- 
tion thus gained is not interpretable into K by any known law, due to the 
complex lines of flow converging through the material in three dimensions 
toward the outlet. The hydraulic electric analogy offers a rough basis for 
this solution. The side wall of a tub (Fig. 7 ), 18 in. in diameter was lined 
with copper and the tub was partly filled with salt solution. A piece of 


electrical fiber conduit was partly submerged in the center, This conduit was 


fitted with one circular metal disk that nearly closed the bottom and one 
close-fitting disk, adjustable in height above the bottom, both disks being 
connected to exterior binding posts by insulated conductors. 


\ 


oe 


o”: 
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Without further detail it is evident that the Wheatstone bridge in Fig. 7 
permitted the measurement of the relative resistance of the three-dimensional 
converging paths of flow toward the lower disk as compared with the resistance 
between disks within the tube representing parallel flow through the same 
solution. It was determined that the path between the two disks within the 
conduit, in order to offer the same total resistance as the converging flow 
from tub wall to lower disk, needed the disk spacing listed in Table 2, 
Column (3). 


TABLE 2.—Disk Spacine 


Height of adjustable Ratio of spacing to 


Diameter of duct, in inches disk above bottom, Distance between tube diameter” 
in inches disks, in inches (Column (8) divided 


by Column (1)) 
(4) 


2 2 0.6 0.3 
2 4 0.56 : 0.28 
4 4 0.33 


Nearly all the converging resistance is encountered close to the entrance 
where current density becomes high, and, therefore, the diameter of tub and 
the depth of water can be shown to have little effect. It may be stated, there- 
fore, that within practical limits ‘of accuracy of application, the draw-down 
head required for a given water yield of a test pit would discharge the same 
quantity of water longitudinally through a volume of the same material hav- 
ing the same cross-section as the test pit and a length equal to three-tenths 
of the test-pit diameter. Thus, one test pit, 6 ft in diameter, yielded 900 
gal per min, or 2 cu ft per sec for a draw-down of 4 ft. For parallel flow, 


4 


—_* 98, or K = 0.0322 ft per sec, 
0.3 xX 6 


then, by Equation (2): q=2= K 


or 1.932 ft per min. 

It is equally possible to mount metal tubing on bakelite rods with a 
varying ratio of length of tube to its diameter and then to submerge them in 
the same salt solution to obtain resistance of convergency to such a surface. 
This simulates a screened driven well, or well-point, as compared with the 
resistance to parallel flow, thus permitting determination of K by a similar 
analogy. The writer’s data thus determined are too meager to report 
because this principle does not admit of as simple a statement as the test 
pit. The pumping of test pits and of driven well-points, or screened wells, 
thus furnishes, with the electric analogy, a basis for estimating the total 
seepage under any type of foundation design. 

Thus, the resistance from X to Y (Fig. 7) under the model of a certain 
proposed design of power-house foundation was 7.6 ohms, while the resistance 
from end to end of the 24 by 46-in. tray was 9 ohms. The scale of the model 
was 25 ft to the inch. The parallel flow through a prototype section of the 
tested material, 1 ft thick, under a 65-ft head, would be, by Equation (2), 


65 
25 


q Z 0.0322 94 x 25° = 1.09 cu ft per sec, in which it will be 
46 
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noted that the scale of the model is cancelled. The flow under the proposed : 


{ 
power house would then be oa x 1.09 = 1.29 eu ft per see per foot length 


4 


of the structure. 

This computation ignores depth to rock or to impervious material. 
If known, the tray can be partitioned horizontally to simulate this depth; if 
not, it is believed the error will not be great and that usually it will be within 
the limits of accuracy of the method, as most of the seepage flow hugs close 
to the foundation profile of the structure. } 


ANALYSES OF SPECIAL CONDITIONS 


Dam with Base Flush with Stream Bed, No Sheeting.—Weaver™ has 
analyzed, mathematically, the problem of uplift pressure on the base for the 
case of a dam on homogeneous sand of indefinite depth, with the base of 
the dam resting on, and level with, the sand surface, with and without a single 
line of sheet-piling. He does not treat the equally important problem of © 
escape gradient of the water at the toe. Weaver finds, under these simplified 
assumptions, with no sheet-piling, that the paths of flow are the lower halves 
of a family of confocal ellipses with foci at the heel and toe, and the lines of - 
equal pressure are the conjugate family of confocal hyperbolas. In Fig. 8 the © 


Computed Upward 
Gradient at Surface 


YA, 
sas N 


Base Pressure Measured 
and Computed ' 


Fig. 8.—Consucatn ELLIPSES: Fie, 9—DaAm on SAND—No CourT-OFFs. 
AND HYPBERBOLAS, 


paths of flow are shown as full lines and the lines of equal pressure as dotted — 
lines. Weaver has shown that the time-honored assumption of straight-line 
uplift gradient from heel to toe is fundamentally incorrect in principle, 
although not seriously so, and on the safe side. He finds that the uplift is 
given by the formula”: i 


Uplift: head == cot 22 =? aot he -atg teats hacgeneen 


T : 
in which, the origin is at the heel; x is the abscissa; and b is the base width. 
The curve of Equation (7) is shown in DA, Fig. 9, indicating a steep 


2 Journal of Mathematics and Physi 
eehiioamneie f thle vysics, Vol. XI, No. 2, June, 1932, Mass. Inst. 


8 Loc, cit., Equation (12). 
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hydraulic gradient near heel and toe (in fact, tangent to the vertical and, 
therefore, infinite immediately at the heel and toe), and a corresponding 
gentle intermediate gradient, dropping at the middle of the base to a value 


of — , or about two-thirds of the average gradient. 
T 


This curve is of basic importance not only with reference to dams on sand, 
but apparently in the case of dams on rock foundations. Its general shape 
is corroborated by field observations of existing dams reviewed by Houk™. 
It should be evident that the curve would take this general shape instead of 
being straight because of the tendency of the water to follow the shortest 
path and thus crowd close to both heel and toe, increasing the velocity and, 
therefore, the rate of loss of head at these places. This curve will appear so 
frequently that the term, S-curve (Equation (7)), will be used for future 
reference. 

It should be noted that Weaver’s analysis is based on sand of indefinite 
depth, whereas in all practical cases the depth would be finite. To test the 
magnitude of the error thus introduced, the writer first attempted to verify 
Equation (7) by his analogy tray, using 20 in. for the base of the dam. The 
resulting experimental points, shown in Fig. 9, coincided as accurately with 
the S-curve as they could be platted. This proved both the amazing accuracy 
and consistency that can be realized by this experiment, and also that the 
limited size of the analogy tray would not vitiate the accuracy of other 
deductions for which no mathematical check is available. Most of the flow 
evidently follows closely adjacent to the structure and, within measurable 
accuracy, ignores the size of tray for a structure not more than 20 in. in 
base width. 

The writer has extended Weaver’s analysis mathematically to determine 
the upward escape gradient in the stream bed below the dam, which is a 


matter equally as important as base pressure. Tf the origin is transferred to 


the center of the base (see Fig. 9), and x is made equal to a , which is 


greater than by , and y remains a variable, Weaver’s v being the internal 
2 


pressure head in the material, ene is the vertical component of the 


dy 


gradient, or is along a vertical line at the point where x = 2. This 


gradient is found to increase toward the surface especially close to the dam, 
and at the surface, it becomes: 


+= aust Wis Bi ts each (8) 
ab eeaut 
b? 


in which, B = 22; Liat the vertical escape gradient at the surface of the 
l 


sand; H = head on the structure; and b = base width of dam. 
14 Civil Engineering, Vol. 2, No. 9, September, 1932, p. 578. 
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In Fig. 9 a curve of escape gradient is shown at the sand. surface 
computed from Equation (8) for the condition of base width of twice the head, 


or b = 2H. The vertical scale of the escape gradient curve is in terms 


of H , or the mean hydraulic gradient along the base, the reciprocal of 
b 


Bligh’s percolation coefficient. The escape gradient at the immediate toe is ; 


infinite, indicating inevitable instability of sand at this point. The surface 
gradient decreases rapidly from infinite to a value of i at a distance down 
100 
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(b)\ Base Pressure Curves from Fig. 10a 
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Fie. 10.—FLow Ner ror Hee, Cur-Orr pur no Tor Cur-OFrr. 


stream from the toe of about 0.1b. Because of the excessive escape gradient 
at_ the immediate toe as well as for obvious practical reasons, such as rain 
erosion, the base of a dam on soft material should never be flush with the 


foundation surface at the toe. A depressed toe or toe cut-off is required for 
all dams on sand. 


‘ 
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Dam with Heel Sheeting but No Toe Sheeting.—For the case of heel sheet- 
ing, Weaver has determined mathematically, the curve of uplift pressure for 
various ratios of base width of dam to depth of sheeting. The lines of flow 
and equal pressure lines (flow net) as determined mathematically by him 
are illustrated in Fig. 10(a)", and agree with the flow net determined by 
H. M. Hill, Assoc. M. Am. Soc. C. E., between two closely spaced glass 
plates”, 

It will be noted that the pressure drop is nearly uniform along the up- 
stream face of the sheeting; and that it is very rapid due to crowding of 
flow lines around the tip of the sheeting, and again at the toe of the dam. 
The distributions of uplift pressure across the base of a dam are plotted in 
Fig. 10(b)" in percentages of head-water pressure, for various ratios, a, of 
width of base of dam to depth of sheet-piling at the heel. All these pressure 
curves become tangent to the vertical at the toe, which again indicates 
an infinite escape gradient and unstable material in close proximity to the 
toe as in the case of a dam without sheeting. This again should rule out 
this type of structure in which the base is flush with the foundation surface 
at the toe thus necessitating a depressed toe or toe cut-off. 

Dam with Toe Sheeting but with Heel Apron in Liew of Heel Sheeting.— 
This problem is mathematically and graphically the same as that of the last 
case except with the reversal of the direction. of flow, Fig. 10(a). There 
would then be a rapid loss of pressure at the heel where the water enters 
the sand (which could do no harm), and a gradual and almost uniform rate 
of pressure drop as the water rises to escape on the down-stream side of the 
toe cut-off as shown by Fig. 10(a), if reversed. 

The equation for pressure down the up-stream face of heel sheeting as 
derived by Weaver™, by proper changes of sign for reversal of flow, becomes 
the equation for pressure at the depth, y, below the surface and along the 
lower face of the toe sheeting of the depth, d, as follows: 


pee Besos dele 30 AS) ee (9) 
T r 
iD? 
fot 1 hae 2 2 2 
Peihich,\. = oh ay eae Set = y 


Regardless of its apparent complexity, Equation (9) is essentially straight 
when platted, except the bottom quarter near the tip of the sheeting. 


15 Journal of Mathematics and Physics, Vol. XI, No. 2, June, 1932, Fig. 8. 

16 “Seepage Through Foundations and Embankments Studied by Glass Models”, by , 
H. M. Hill, Ciwil Engineering, January, 1984, p. 32 

11 Journal of Mathematics and Physics, Vol. XI, No. 2, June, 1932, Fig. 5. 

18 Loc. cit., Equation (27), p. 1382. 
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TABLE 3.—Comparison or Escape GRADIENT, G 


Escape GRADIENTS IN TERMS OF THE RATIOS OF: 
Ratio of base width to depth 


of sheet-piles, ra a Head to depth 
b of sheeting 


Head to base 
width of dam 


Head to creep Head to short 
distance path of seepage 


(a) Dam wits Tor SHEETING AND Heer Apron (SzxE Fia. 11) 


H 


1 0.327 0.324 0 96 7 0.7787 
2 0.284 0.562 | Lazzp 0.008 7 
3 0.247 0.72% 1.2 i 1.00 i 
4 0.21% 0.844 1.267 1.076 
5 0.194 0.95 # 1 337 1.16 in 
6 0.174 1.02% 1.36 7 1.20 i 
8 0.147 1.124 1.4 Z, 1.27 = 
10 o.12 2 1.20% 1.447 1.8267" 


(6) Dam wits Bors Henn and Tor SHEETING (SHE Fig. 12) 


1.5 0.26 4 0.39 2 0.91 7 1.4370 

2 0.25 # 0.60 4 1.00 7 1.5070 

2.5 0.24 ie 0.60 a 1.08 7 1.507" 

5 0.185 2 0.925 2 1.3077 1.6077 
(c) Dam wits Basn Ser 4} [ncuns into Sanp (Sen Fic. 13) 

4.7 0.16% | 0.76 2 1.05 7 d 1.057 


888e—ssSsa9amaaa3S9maSaaAMa9SaaSSSS » 


In Fig. 11 is given a set of diagrams indicating the base pressure in 
percentage of head from Fig. 10(b),; and the writer’s computation, from | 


Equation (9), of pressure along the down-stream side of the toe sheeting 
both in percentage of head at indicated percentages of the depth of the 
sheeting. To facilitate the platting and comparison of curves the length of sheet- 


ing and base curves are platted as constant which is equivalent to fore- 


shortening the horizontal scale of the base of the dam. The small inset 
diagrams indicate the true proportions. Only one of these diagrams was 
checked in the analogy tray, that of b = 5d. The platted points indicate an 
accurate agreement with the curves computed by formulas. In Table 3, the 


escape gradient is expressed as a function of H y H ‘ H , and H » in which, 
db DL, Ly 
Ly and L, denote “short path” and “creep distance”, respectively. 
Dam with Both Heel and Toe Sheeting.—This case has not been 
analyzed mathematically by Weaver, and the writer has been unable to do so. 


' 


a iitielaaaion iene 
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The close agreement of the electric analogy with the mathematical equations 
in the previous cases supports the belief that reliance can be placed on the 
former method. The writer has investigated four cases in his analogy tray 
the results of which are platted in Fig. 12. The first one used a 4-in. depth 


a 


Wie. 11.—Basr PRESSURES, DAM wITH Ton SHEETING, AND HEEL APRON 
(Srp TABLD 3(@)). 


of sheeting on a 20-in. base width, all the others an 8-in. sheeting on base 
- widths of 20, 16, and 12 in. 

Attention is called to the almost negligible difference in escape gradient 
for the three dams using 8-in. sheeting even with the large difference in 
base width (a = 1.5, 2, and 2.5 in Table 3(b)). This results, of course, 
from the small pressure drop under the base of the dam from the heel to 
the toe sheeting. The drop in pressure ig much greater with the 4-in. 


| 
FA 
8! 1.0 ; 
Ela (a) b=5d 0 02 04 b=2d 0 02 04 
8 
cm]. 
oO 
— b > 
ant) 
3 
= 0.2 
0.4 


fe b=2.5d 0 02 04 
Fig. 12.—Basm PRESSURES, DAM WITH BorH HEL AND Ton SHPETING 
(Sup TaBLE 3(b)). 
sheeting as well as in the case of no heel sheeting. To assist in arriving at 
an explanation of this fact, the gap across the tips of the 4-in. sheeting was 
closed by a 4-in. strip, thug simulating the condition of a flat base set a 
distance of 4} in. into the sand without heel or toe sheeting. The result- 
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a 


ing loss of head along the base was much greater than with sheeting onl 


: H, 
(see Fig. 13) which served to reduce toe escape gradient from poe 


H 


\ ‘ H ' 
0.75—. These gradients reduce, respectively, to 1.662 and ipa bls (see 
b { 


c ic ! 
Table 3(c)). Thus, for equal flotation safety, a Bligh percolation coefficient 
1.58 times greater must be used for sheeting at the heel and the toe than 
for a base depressed equally into the sand. The explanation is apparentiy to: 


Coefficient of H 


10 08 06 04 


-1.2 
Fic. 13.—Basp or Dam Sut 44% INcHES INTO SAND (b = 4.7 da). 


be found in the fact that the water flowing under the dam tends to con- 
centrate as much as possible along the shortest path. With the depressed 
base, this flow is restricted by the structure from diffusing upward and, 
hence, follows largely a narrow strip along the base. With only sheeting 
to this same depth, the flow lines can spread both upward and downward be- 
tween the lines of sheeting, with resulting loss of head slightly more than 
one-half as great. With the 8-in. sheeting the spread of the flow lines upward: 
and downward is still more nearly equalized. On this theory it would seem 
that the minimum gradient between sheeting lines would be realized with 
sheeting extending nearly half-way to rock bottom, giving equal opportunity 
for diffusion upward and downward. Likewise, it would be expected (although 
not confirmed) that stratification would create more rapid loss of head by | 
encouraging concentration rather than diffusion of flow. 
Single Diaphragm of Sheet-Piling—Especially for purposes of construc-_ 
tion, but occasionally in permanent structures, a single diaphragm of sheet- 
piling serves as a dam unaided by additional base width. This case yields 
readily to mathematical analysis by making the base width, b = 0, in Equa- 
tion (9), thus resulting in: ‘ 


Hy. 
fe ae, 

: y: eee Cs Re eae (10) 
OL, 
: Gh _ H (11) 

Fane ees 2 ig ag Slew ree 

y awd ne 

d? 


‘in which, h is the static head in the sand along the face of the sheeting 
of penetration, d, at a depth, y, below the sand surface, the sand being at 
the same elevation on both sides. : 
Fig. 14 shows the curve of Equation (10) platted to scale, and the values; 
observed in the writer’s analogy tray for sheeting 4 in., 8 in., and 12 in. deep. 


Coefficient of H 
0.2. 0.4 .6 


Experimental Points 
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and 12-in. 
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qo ——-— Heel and Toe Sheeting 
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@ 1.0 
Values of @ 
Fie. 14.—DamM WITH SINGLE ROW OF Fic, 15— MATHEMATICAL AND EXPERIMENTAL 
SHDET-PILING DETERMINATION OF ESCAPE GRADIENTS. 


The verification is close within the possible limits of accuracy in platting, 
except near the bottoms of the curves. This is explainable by the fact that 
the sheeting used in the analogy tray was 4 in. thick and the bottom observa- 
tions were at the lower corners, slightly more than 4 in. apart, instead of 


i a 
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on the bottom of the sheeting strip at the center line. The loss of head 
around the point of sheeting is hae The escape gradient up the face of 
the sheeting is: 


Gi oes 2... BY, clea ae 
2d 


or two-thirds of that which would be expected from uniform loss of head| 
along the creep distance. The case of unequal sand levels on opposite sides ; 
of the sheeting has not as yet been investigated. 


SIGNIFICANCE or “Line-or-CrEEP” anp “SHort-PatH” THEORIES 


The logic of the application of Bligh’s coefficients to the long path or line } 
of creep, or to the short-path distance can now be investigated. The results of ! 
mathematical and experimental determination of escape gradients from . 
Figs. 11 and 12 for the cases of toe sheeting only, and for both toe and 
heel sheeting of equal length, are assembled in curve form in Fig. 15 which | 


is platted against a horizontal scale of a = = for comparison. In each curve 


the flotation gradient at the toe is obtained by application of the coefficient 


at the left to be : ae ie or na , all arriving at the same result. These 
L, L, 
curves are dotted to the points where they should intersect the line, a = 0, 


equivalent to a single row of sheeting at 0.33 for = se kOr ee 0.66 


for pi and H » for one cut-off, and 1.32 for H for a double cut-off. The 
'D “Cc (4 
fact that these curves do not tend exactly toward the foregoing values 


for = = 0, is believed to result from the thickness of the model sheeting, 


the same cause explained under “Single Diaphragm of Sheet-Piling”. 

If the factor of safety against percolation could be represented correctly 
by applying a coefficient to any of the foregoing ratios, the curve of such I 
expression in Fig. 15 would-be a horizontal line. This is far from the 
except for. sheet-piling, which is a single point and for which the line-of- 
creep theory is, therefore, correct in principle. The other curves vary through | 
a wide range of coefficients indicating that none of the heretofore accepted 
bases applies correctly to a solution of the problem. The writer has been 
unable to devise any method of weighting the several factors involved which 
would yield a nearly horizontal line in Fig. 15. This is not surprising when | 
the complexity of the problem is observed from Equation (9). 


" 
The required increase of coefficients with increasing ratios of wr (Fig. 15), 
d ‘ 


indicates that a constant eoefficient as by Bligh would provide a smaller } 
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factor of safety for increasing values of Bligh’s factors thus tend to 

yield a higher factor of safety for modern types of dams, both because of 
: b ; 

their smaller values of ele because of the monolithic types of construc- 


tion as compared with the older types, which often consisted of dry rock 
or rubble fills between concrete walls, and shallow cut-offs, if any. In fact, 
Bligh’s coefficients were developed for some dams in which seepage could 
escape progressively along the down-stream slope instead of being confined 
until reaching the toe. 

Consistency of Bligh Coefficients.—It is desirable to inquire into the con- 
‘sistency with which these coefficients can be applied to different types of 


foundations. Thus, assume — = 5, with an escape gradient of 0.25, and 


‘determine what value of the Bligh coefficient, C, will be required to assure 
this gradient. 


For a single line of sheeting, (Fig. 15), 0.25 = 0.66 2 $ or, 
, : 
(3, a UES DINUCLEAR Ba cic t = 2.64 
H 0.25 


For other types the values of C are in the same ratios as the ordinates 


of the H curves in Fig. 15 for AD = 5; or, 
Le d 


C, for depressed base (Fig. 18) = 1.05 y9.64........ = 417 
0.66 
C, for heel apron and toe sheeting = 1.33 %_ 9.64. 2%. 5.8 
0.66 
C, for heel and toe sheeting = a SGn2. G4 Aires ie cranes = 6.6 


Thus, for dams of equal safety from toe flotation, C’ varies from 2.64 to 6.6. 
This fact indicates that these coefficients, based upon creep distance, are 
not representative of true resistance; they are even less representative from a 
practical rather than a theoretical standpoint when the effect of stratification 
and possible roofing is considered. It would seem self-evident that the art 
of design against percolation admits of improvement. 

The high resistance furnished by sheeting will also serve to explain the 
previously surprising performance record of the Prairie du Sac Dam, in 
Wisconsin, which was dependent for several years on 50-ft. heel sheeting 
alone for a head of about 34 ft on medium fine sand. This represents a 
percolation coefficient of about 3, which is generally considered too small for 
safety; and yet, in reality, it represents in this case a factor of safety of at 
least 4, perhaps 5, against flotation (knowledge of porosity of the material 
is not available). 
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Observation of Fig. 16 for 8-in. heel and toe sheeting reveals that th ; 
is little dissipation, of head on the down-stream side of the heel sheeting, o 
the. up-stream side of the toe sheeting, and in the horizontal run between tht 
sheeting. The result is that combined heel and toe sheeting acts muc. 


BIS} Gradient 


‘Coefficient of H 


ey HERG of H 


Gradient 


Coefficient of H Coefficient of H 


’ Fie. 16.—H»2n anp Tor Cur-Orrs. . 


like a single line with little gain in effectiveness because the dissipation of ' 
head, largely occurs on the upper side of the heel sheeting, on the lower side : 
of the toe sheeting, and around the tips of the sheeting. , 


jf 


, ‘ ‘ . j ‘ a 
Proposep Rationan APPROACH 


| 

The writer proposes, therefore, the gradual abandonment of Bligh’s co- 
efficients as fast as data regarding existing dams can be converted into the 
form of a safety factor or coefficient, f, to be applied to the critical: flotation 
gradient, Equation (6), to arrive at a safe escape gradient, G, or, 


G=— —~— (1 — P)(s— 1) ....... 2. oak aah ae 13) 
FPO TPH : (13) 
The value of f is to be chosen with reference 
uniformity of the sand, stratified condition, and extent of knowledge of the 
sub-surface conditions. This factor, f, will then be dependent, entirel 


: a ¥ Upon 
judgment, empirical data, and field knowledge of foundation conditions con. 


e to the geological details, 


- 
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“stituting a true coefficient, whereas Bligh’s coefficients involve also a part 
of the mathematical principles of the problem, which should be segregated. 
Once the basic equations and curves are available, it can be made as easy 
to use correct mathematical principles with modifying coefficients or factors 
of safety (which are truly dependent only on the non-mathematical. and 
undiscernible elements of the problem), as to use Bligh’s coefficients. Con- 
siderable research by the analogy method will be necessary to produce designing 
curves for all types of foundations, such as the double line of sheeting of 


“unequal length, three or more lines, of sheeting, sloping surfaces, ete. In 


general, such research must be left to be conducted for the specific problem 
at hand. However, enough has been done herein to furnish a basis for the 
design of three types: (a) Heel and toe sheeting of equal length; (b) heel 
apron combined with toe sheeting; and (c) a single line of sheeting acting 


by itself. 


Application: of Escape Gradient to Design Problems.—The critica] flota- 


- tion gradient for average quartz sand with s = 2.65 for sands of various 
: porosity as computed from Equation (6), are: 


Critical Flotation 


Porosity Gradient, F, 
ORO OM inc cette cenn ts Ea creme tetera s(iok hs baol ph ohapute ipa) 
(VEE ES, PIR STL) celatere Ef olvotel's c: opel) uatobateaeteaeRane 1.07 
PUIG) Abs iets. 1. Tones nasaieec har tp OSes 


Tt will be noted that the foregoing critical or flotation gradients, Fc, are 


_ approximately unity. Their reciprocals or Bligh’s coefficients, therefore, 


: 


would also approximate unity without a factor of safety if the average 


gradient along the line of creep were equal to the upward component at 
the point of escape. Fig. 15 furnishes a practical solution of design problems 
' for foundation types to which it applies. Thus, if G is the escape gradient; 


-b = 90, then m = 0.75, = from Fig. 15 = 3.5, and, hence, d= ic a 


m, the coefficient of = ; and n, the coefficient of =e as ordinates at the left 


of Fig. 15, then, for any common value of - G= “ = n= sr, 
Fb rere toe (14): 
G m n 


The head, H, is always known; the allowable value of G, is determined: 


- from the physical properties of the sand modified by a factor of safety, Equa- 


tion (13), and either 6 or d must be assumed. Thus, assume a double- 
sheeted dam with a head, H, of 30 ft and a quartz sand of about 40% voids, 
with a critical flotation gradient of 1.0 and a factor of safety of 4 yielding a’ 


‘working escape gradient of 0.25, then, H = OO ub a If 
G 0.25 m n 


90 
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DRAINAGE 


The principle of drainage can be applied both to reduce upward pressur 
and to increase the factor of safety against flotation at the toe. Drainage 
is dangerous in the manner in which it is often carelessly installed (such 
as fragile tile in ungraded gravel trenches), and may permit the escape o: 
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= 0.352 
G= 0.354 


(e) Heel and Toe Sheeting; b = 2.5d 
Fic. 17.—EFFECT oy DRAINAGE ON A DAM WITH FLUSH FOUNDATION 


material from beneath the structure. To be safe, drainage must follow the 
principle of an inverted sanitary water filter. There must be at least two 


: 


An ~ ° 1 
a 
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~ layers of sand and one of gravel screened to such sizes that the material of 
one layer cannot penetrate the pores of the next layer above. Perforated 
plates or similar venting means must permit free escape of water through the 
structure. 

The effect of drainage has been investigated by the writer in the analogy 
tray. Thus, in Fig. 17(a), is shown the result of draining the 15th-in. space 
of a 20-in. foundation without heel or toe sheeting. The uplift pressure 
curve to the point of drainage is the basic S-curve, Fig. 9, with the base 
reduced to three-fourths length. Beyond the point of drainage a small 
uplift pressure is resumed with a curve tangent to the vertical at the toe. 
This results in an infinite upward gradient at the immediate toe as in the 
basic S-curve. In Fig. 17(b) the same conditions are repeated except with a 


length of toe sheeting equal to me The sheeting has no effect up stream 


from the drainage and serves principally to change the shape of the pressure 
curve at the toe to give a finite escape gradient. Comparing this with the 
same design (b = 5d in Fig. 11), except without drainage, the reduction in 


escape gradient is found to be from 0.19 at 0.125 a or a decrease of 34%, 


which is not as great as might be expected. 
In Fig. 17(c) is shown heel and toe sheeting (b = 5d), with drainage 
1 in. long immediately ahead of the toe sheeting; the resulting upward toe 


gradient, 0.125 =, agrees with that of the last case (see Table 3(e) and 


Table 3(f)). Another test was made of a dam with an 8-in. heel and toe 
sheeting, in which b = 2.5 d, with a 1-in. drainage strip as in Fig. 17(c). 


The upward toe gradient is 04 as compared with 0.6 + without drainage 


(compare Table 3(g) and Table 3(b). This test was repeated with a 2-in. 
drainage strip immediately above the sheeting which resulted in a gradient 


of 0.385 i This was again repeated with drainage along the upper 2 in. of 
b 

the toe sheeting as well as 2 in. of the adjacent base width and with the 

upward toe gradient of 0.35 # unchanged from the last one. 


As in the case of earth dams there are two schools of thought with 
reference to drainage, those generally for, and those generally against, it. 

_ The writer believes that it provides a useful factor of safety especially in 
uncertain ground. He believes in the principle of imposing effective resistance 
to seepage through such a distance as is required until the quantity of leak- 
age is sufficiently reduced and then providing ample artificial, permanent, 
and well-constructed drainage works which will relieve as much as possible 


ji 
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5 
through a controlled route where its escape will be easier than through the 
material and where it can do no harm. Only the escape of seepage through 
the material is hazardous and it,is better to provide a route through which 
it can escape more freely that through the material itself. It must. be kept 
in mind that seepage will follow all routes of escape in inverse proportion to 
their resistances; and drainage, therefore, becomes a safety factor, not an 
elimination of toe-flotation possibilities. 

Thus, any pervious stratum or lense that may conduct execessive pressure 
beneath a dam, possibly to burst upward into tail-water, should be intercepted 
or blanketed near the heel where possible; and then near the toe it should be 
drained as freely as possible. Water will not burst upward through the sand 
from internal pressure if there is an easier route of escape than by lifting 
the sand. This line of escape may be created by well-points, screened driven 
wells, or intercepting trench if necessary to gain capacity, or (if local) by 
a dug well. Drainage wells can be connected by a header or filter gallery 
under or in the apron or toe of the dam and earried to a pump sump if it is 
desirable to hold the drained level below tail-water. This need might readily 
arise to protect an apron against uplift ahead of the hydraulic jump. Water 
would then drain toward the filter gallery from both head-water and tail- 
water. A complete line of drainage along the down-stream; face of the toe 
sheeting could be used to eliminate most of the upflow through the material 
itself in an unstable situation requiring such precaution. Drainage is a 
useful tool for the designer and is capable of a great variety of useful 
applications. : : 


HorizontaL Porous STRATIFICATION 


No Cut-Offs—It was next attempted to gain some idea of the influence 
of horizontal pervious strata. To do so a -22-gauge, a 4-in. strip and, 


alternately, a 1-in. strip of copper were submerged in the tray, successively, | 
at the four positions shown in Fig. 18(a). The conductivity of the copper — 


so greatly exceeded the salt solution as to be equivalent to a free-flow, no- 
resistance, stratum. Practically no difference was found in the ohmic resist- 
ance between forebay and tail-race as between the 1-in. and d-in. strip. 


Therefore, the latter was used exclusively afterward. Fig. 18(a) shows the 
variation in resistance of the bath with the varying positions of the cop- — 


per strip. 


In Fig. 18(b) the uplift pressure curves under the base are platted for a 


dam with no cut-offs: (4) On homogeneous material, and. with no. copper 


strip (the typical S-curve of Fig. 9); (B) with the copper strip, ue , or 10 in. 


below the base; and (C) with the strip, 2, or 5 in. below the’ surface. q 


Curve (D) applies to the last case (C), but with a wire jumper 2 osreatlil 7 


copper strip to the terminal at the toe to simulate the result of freely drain- — 


ing the pervious stratum to the tail-race; the form of curve is entirely 
changed and an infinite toe gradient is replaced. with zero gradient. 


Dd 
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With Out-Offs—The first experiment, Fig. 18(c), finds the copper strip 
2 in. below the tips of the 8-in. sheeting and not intercepted by it, which 


a=Hin, Strip of Copper 

o= Lin. Strip of Copper 
aes Coefficient of H 

A-Homogeneous 

B-Free Flow Stratum 4/4: Below Surface 

C—Free Flow Stratum 2/2 Below Surface 

= D-Free Flow Stratum 2/2 Below Surface (Drained) 

(a) No: Sheeting - Heel or Toe \ (b) No Sheeting at Heel or Toe; Various Drainage Conditions 
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| (f Heel and Toe Sheeting with Free Flow Stratum; b=2.5d, d=2P 


te) Heel and-Toe Sheeting with Free Flow Stratum; 6=2.5d, d=4P 


Fig, 18.—rrrct or SuB-SURFACH FREE-FLow STRATUM ON RBSISTANCE TO FLow. 


results in an escape gradient, 0.4 * , or 1.0 = The gradient is higher 


than the gradient of a single row of sheeting { 0.33 = because there is no 


resistance between sheeting and less than otherwise past the tips. 


| 
7 
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To simulate an intercepted stratum the }-in. copper strip was next cut 
in sections to fit between the sheeting and the tray walls. The case of open 


stratum barely penetrated is shown in Fig. 18(d). The gradient is 0.24 2 F 


or 0.6 Z, the same as in the case of no pervious stratum. An open stratum 


penetrated a distance, (Fig. 18(e)) gives a gradient of 0.22 = = 20)-55 =, 


which is even less than with no pervious stratum. With penetration of 4 in. 
(Fig. 18(f)), the gradient was the same as in the case of Fig. 18(e). This 
apparent anomaly can only be explained by the tendency of the free-flow 
stratum to carry the flow entirely to the cut-off without much diffusion, 
from whence it is concentrated at a high-current density around the tip of 
the cut-off with consequently rapid dissipation of pressure. In fact, two 
distant lines of independent sheeting with no resistance between them would 


have an upward toe gradient each of one-half 0.38 2 = 0.165 2. Apparently, 


this limit is being approached as the copper strip is raised toward the base 
of the dam, but will not be reached without wider spacing of sheeting. This 
apparent anomaly is significant in connection with roofing, and indicates that 
an open space under the foundation tends toward greater safety from toe flota- 


tion, assuming, of course, in all cases herein the integrity of the cut-offs. In > 
the last two cases a further experiment was made by draining the open stratum . 
below the toe with the result that no pressure existed on the down-stream 


side of the toe sheeting and that the uplift pressures under the base were 
reduced as shown. 


OTHER CoMMENTS 


Uplift Under the Base-—Not much has been said about the important sub- 
ject of uplift pressures because the curves are obvious. It is to be noted that- 


in all symmetrical foundations the uplift at the center line is 0.50 H. With 
a double row of sheeting the variation of this pressure from heel to toe 


becomes less as decreases. 


The uplift pressures obtained from the analogy are static pressures. They 
take no account of the force in the direction of flow exerted by the movement 


of the water through the material. Thus, in the drained bases, a consider- 
able lifting effort must necessarily be exerted as the water rises to the drains, © 


but will not increase the base pressure unless the upward gradient exceeds 
the critical value (see Equation (7)). 


Sheeting Cut-Offs—Experience seems almost universally to confirm some 


degree of uncertainty of effective sheet-piling cut-offs, except in favorable — 
material, due to the possible opening of interlocking joints in driving. — 


Unfortunately, the interlocking sections with the greatest jaw strength are 


- 


t 


Ca - > 
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difficult to drive in sand and necessitate compacting the sand intensely to 
force it out of the interlock ahead of the sheeting being driven. Boulders 
are a source of trouble, sometimes causing splitting of piles or separation 
of interlock without the knowledge of the operator. Much depends on the 
skill and experience of the operator. The.most experienced can perhaps 
detect when all is not well with the sheeting, but there always remains a 
lurking uncertainty unless, as was done in a recent project, each sheet-pile 
was driven, pulled to determine its condition, and driven again. This, 
of course, is not practicable. The driving of sheet-piles in sand and gravel 
is a tedious slow operation and delays the work on the superstructure until 
this is complete. There are often boulder beds through which the sheeting 
cannot be driven successfully. 

Trenched Concrete Cut-Offs—The provision of a concrete cut-off in an 
excavated trench is sometimes resorted to in order to avoid the uncertainty 
of sheeting, and this is probably to be preferred. However, it is usually more 
expensive, causes still greater delay in initiating work on the superstructure, 
and has some (although less) element of uncertainty due to possible cracking 
apart from the main structure. 

Abutments.—Too many dams are designed from a cross-section which 
ignores abutment conditions (in La Fruta Dam, Corpus Christi, Tex., for 
example). The abutment seepage problems are similar to those of the dam 
tipped on end, but are often more serious and difficult than those encountered 
under the dam itself. In the latter, for example, the seepage under a 50-ft 
length of dam has a 50-ft. length of toe under which to escape; but the seepage 
around the abutment of a dam, 50 ft high, all tends to concentrate at or 
near the tail-water line. This requires special attention to provide both 
ample lateral cut-offs and drainage. 


ResEearcu By Mope. TEstine 


The studies made by the writer and reported herein have scarcely “scratched 
the surface” of needed and possible research as to the almost infinite varia- 
tions of types of foundations used for dams on sand. Only a few of the 
elementary types justify general research to establish general principles. It 
is recommended, however, that for specific design problems, the alternate 
plans under consideration, and their fundamental hydraulic differences, be 
investigated by the analogy method as a useful guide to judgment. It is 
very accurate in principle and application, thus excluding the necessity of 
mathematics, which becomes too involved except for the simplest cases. 

It is also believed that the analogy principle can be applied to three- 
dimensional models, thus permitting investigation of such problems as the 
influence of diagonal flow and relative concentration, if any, in the thread 
of the underflow stream (deepest channel), abutment conditions, etc. For 
this purpose a model of the entire structure would be made as a water-tight 
boat of insulating material, such as bakelite, with the proposed abutements 
correctly reproduced. Metallic screws would penetrate the boat shell from 
the inside at frequent intervals upon which voltage readings could be taken. 
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Sheet-metal surfaces would simulate the sand surface in the river bed up 
stream and down stream of the dam; and the voltage would be applied 
between them. en 

Existing Dams.—It is suggested that some properly equipped 1esearch 
organization should undertake the determination of fundamental hydraulics 
by the analogy method on base-profile models of existing dams of importance. 
The aim should be to determine the theoretical pressure along the entire line’ 
of creep; the dissipation of head by various details of base profile, etc.; and ~ 
the comparison of this with field data wherever records are available of actual 
pressures along the line of creep. The accumulation of such comparisons 
would be of inestimable value to designers, in arriving at the magnitude of 
departures to be expected from theoretical conditions, and the factors 
of safety to be used in design, effect of filter skin, etc. 


SuMMARY AND OOoNCLUSIONS 


1.—The problem of the safe conduct of seepage under a dam is analogous 
to that of the safe conduct of water over a spillway, in the sense that it 
seeks means to dissipate the head without disturbing or carrying away the 
foundation or stream-bed material. 
_2.—The dissipation of head is gradual through the foundation material 
from head-water to tail-water. The difference in head, as between two 
points, exerts a force against the intervening material and also causes a 
flow of pore water to occur. The reduction in pressure is the “cause”; force 
and seepage are sister ‘effects’, material as well as water tending to be 
moved by the reduction in internal hydrostatic pressure. 

3.—Seepage and force both occur or act in the direction of maximum — 
reduction of pressure; that is, in a direction normal to surfaces or lines — 
of equal pressure. The force exerted on a volume of material is, therefore, 
in the direction of seepage and is equal to the difference in internal pressure 
or head acting on the approaching and receding faces of the volume as . 
against a solid rather than a porous surface. j 

4.—Foundation material cannot move when it is confined, unless the 
entire foundation as a whole is unstable. If not collectively unstable, then 
no material can be carried away by seepage unless and until the material 
ahead of it, in the direction of seepage, is first removed, as otherwise it 
would have no place to go. i 

5.—Analysis indicates that, in general, material under a dam is in 
stable condition with forces having a safe component downward until the — 
tail-water is approached, at which point the drop of internal pressure has a 
component upward, becoming vertical at the surface. The more rapid the 
upward reduction in pressure (that is, the higher the upward hydraulic 
gradient), the less becomes the effective weight of the material until’ at a 


critical value, when the escape gradient equals — = (s — 1) (1 — P) (see 


Equation (6)), the material actually floats and may be carried aoe with 
resulting rapid crumbling from the toe backward under the dam, causing 


\ 
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failure. The tendency of this phenomenon to localize at the point in the tail- 
water of easiest escape may cause local sand “boils” and may give the 
impression that the sand is moving simultaneously throughout the route from 
‘head-water, thus producing an effect known as “piping”. Actually, it is not, 
as is evident from Fig. 5; the instability is a local toe phenomenon, ‘best 
termed, toe “flotation”; the problem is to prevent flotation, and piping can- 
not occur. Whether or not the critical value is approached, there will always 
be some upflow at the toe and this will reduce the effective weight of the 
gand and make it more easily eroded by waves, current, or rain. 

6.—There seems to be no logical basis for expressing safety against toe 
flotation in terms of “creep distance”, “short path” of seepage, or any 
functions thereof. ; 

%—Safety from toe flotation is best promoted: 

(a) By choosing a design with a depressed toe or toe cut-off and one 
which dissipates head rapidly along. the early part of its route, 
leaving as little remaining head as possible to be lost during the 
upward flow into tail-water; ; 

(b) By supplying a special fill down stream from the toe, an inverted 

. filter in principle; ro 

(c) By providing an inverted filter drain under the toe of the struc- 
ture itself, ahead of the toe cut-off; and . 

(d) By means of wells, drainage galleries, etc., at the toe. 

| 8.—Dissipation of head is proportionate to velocity, which, in turn, is 
dependent on the tendency of the flow to concentrate. Such concentration 
occurs, especially, around protruding corners of the structure and about the 
tips of cut-offs, as well as along the up-stream face of heel cut-offs and 
the down-stream face of toe cut-offs. A single line of sheeting is the most 
effective structure investigated per unit of creep distance for the dissipation 
of head. 
9.—A depressed toe or toe cut-off is theoretically essential for any dam, 
‘ in order to avoid infinite upward gradient at the immediate toe as well as to 
prevent undercutting by erosion of rain, current, and wind. A heel. cut-off 
jn homogeneous material of relatively great depth, is apparently little more 
effective as to toe escape gradient than a heel apron, and is more expensive. 
10.—The subject of drainage permits of much greater elaboration and 
more varied use than it has ever received, and much can be accomplished by 
‘drainage to improve the present state of the art. 
41.—Hereafter all dams on sand should be equipped with sounding 
wells, pressure-recording devices, and other means of observing constantly 
the pressure conditions along the entire line of creep. 
12,—Mathematics and research by means of hydraulic electric analogy 
offer valuable information as to fundamental principles of dissipating head 
in homogeneous material and relative ability of different foundation types 
to promote the minimum upward hydraulic gradient at the toe. Although 
the heterogeneity of natural deposits and the difficulty of interpreta- 
tion by test borings will always require the use of a factor of safety above 
theoretical requirements, the writer maintains that a study of the problem 
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should start from a nucleus based upon the law of flow through homogeneous 
material, with modifications introduced in the analogy tray in each indi- 
vidual case based upon such local conditions as can be revealed. Field tests 
and experience should be grouped around such ideal assumption instead of 
about purely empirical and unscientific coefficients, such as those of Bligh to 
the end of eventually determining the order of magnitude of variations from 
the ideal by coefficients, or by factors of safety, much as in the case of 
weirs, etc. 

13.—It is submitted that the proper ultimate method for designing dams 
on sand is to compare various proposed alternate types of foundation cross- 
section and abutment designs by the analogy method (simulating impervious 
and pervious strata as nearly as known). for uplift and upward toe gradient, 
amount of seepage, cost, etc.; and then to modify these comparisons based 
on field conditions at the site and empirical data which will have been 
accumulated in the meantime to aid in interpreting such conditions into 
their bearing upon the criteria of safety. 

14.—The extent that “roofing”, stratification, and other effects of non- 
homogeneity may modify the theoretical pressure profile in practice, should 
be observed in the analogy tray, and in actual structures and should be com- 
pared with the pressure profile that would exist in homogeneous material. 
It is proposed, therefore, that analogy models be made of all existing dam 
foundations for which foundation pressure records exist, in order to segregate 
the mathematical law from the effect of non-homogeneity of material, filter 
skin, roofing, etc. 
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SOME SOIL PRESSURE TESTS 


Discussion 


By H. pE B. Parsons, M. Am. Soc. C. E. 


Hi. pe B. Parsons,” M. Am. Soc. C. E. (by letter)*’".—This research was 
made to study the horizontal pressure of a back-fill against a bulkhead or 
retaining wall. The numerical values apparently reflected a movement of the 
bulkhead. The results demonstrated (1) that there was a reduction in 

‘pressure at early stages of irrigation; (2) that the repetitions of irrigation 
and drainage cause no permanent change in the pressures; and (3) that 
_ there is a difference between internal friction and internal resistance of soil 

grains under wetted conditions. The second result is akin to a quay wall 
against which a tide rises and falls. 

While compiling the test results, the writer conceived the theory that 
atmospheric pressure may have caused the reduction of the soil pressure 
when the soil was saturated. This theory will be elaborated more fully 
hereafter. 

In Mr. Meem’s box of 1-ft cube, the forces set up by tightening the bolts 
do not correspond with the pressures discussed in the. paper. Mr. Meem 
evidently refers to “arching” as affecting the horizontal pressures of the 
tests. The repeated tests gave uniform results, and had arching existed to 
any marked extent, the results would have shown greater variation. Mr. 
Meem’s idea of an apparatus having a wide width would help to avoid 
doubt as to arching, although increasing the expense of a test. The writer 
did consider a testing apparatus having water or oil rams for measuring the 
pressures, but he abandoned the rams because they were not as delicate as 
the scales for recording small differences in pressures. 

Mr. Meem is correct in stating that the plane of rupture is curved, but 
he is in error in describing the angle of repose as between the vertical and 


Norn.—The paper by H. de B. Parsons, M. Am. Soc. C. E., was published in Novem- 
ber, 1933, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
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- FB. Halmos, and L. C. Wilcoxen; March, 1934, by Messrs. O. K. Froehlich, H. L, Thack- 
well, and Jacob Feld; April, 1934, by Messrs. . Warrance Davey, D. P. Krynine, and 
Charles Terzaghi; and May, 1934, by Messrs. R. L. Vaughn and M. Hirschthal. 
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the plane of repose. It is the angle between the horizontal and the plane» 
of repose; and the planes of repose’ and of rupture are not identical. 

Mr. Halmos was familiar with the manuscript of the paper, and con-- 
curred with the writer that minute possible movement of the bulkhead would | 
not materially affect the results. Neither he nor the ‘writer knew, at that: 
time, the results of the experiments conducted at the Massachusetts Institute } 
of Technology,” and no doubt Mr. Halmos would modify his opinion, in the : 
light of these experiments, which showed that a slight movement of a bulk- 
head, or wall, decreased the active pressure. 

Mr. Wilcoxen’s analysis of the reduction in the pressure of the bulkhead, 
when the lower strata of the back-fill were immersed, is interesting; and hig 
idea of capillarity may account for some soil phenomena. The writer be- 
lieves that the irrigating water entered too fast for active capillary action 
to occur. Capillary water rises above gravity water by creeping between 
the particles due to some attractive force. Voids, left by the upward- 
moving capillary water, would be re-filled by water, and this water movement. 
would be resisted by its surface tension and by friction of the water moving 
over the surfaces of the soil particles. This is a slow process, and capillarity 
requires time. 

The unit weight of the sand in the test bin averaged more nearly the 
rodded weight of 111 lb than the rammed weight of 112.5 Ib, as used ‘by 
Mr. Wilcoxen. As the effective height of 6.906 ft was used, he should alse 
have used the effective width of 4.75 ft instead of the full width of 4.926 ft 
from canvas to canvas. A 

It is of interest that Mr. Wilcoxen has referred to vacua as affecting the 
pressures in a mass of soil, and that Professor Terzaghi, in analyzing © 
the Massachusetts experiments” has also referred to vacua in his “suction- 
head”, as both these ideas are analogous to the writer’s vacuum theory,” 
which conceives a change due to atmospheric pressure in a soil under certain 
conditions, as will be mentioned more fully elsewhere, 

Dr.. Froehlich’s eight premises are not open to argument, except that 
the weight of: the soils as recorded were’ close average values rather than — 
approximate. The “‘rodded” weights, in Table 2, were considered to be 
closer to the average actual unit weights of the compacted materials in the 
testing bin, than the “rammed” unit weights; and the former were used 
by the writer. Dr. Froehlich considered that the bulkhead and bin walls ‘ 
were not rigid, and that movements, both outward and inward, took place — 
during the tests. The side walls were strongly braced by waling-pieces and’ 
outside diagonal braces; they were always wet after the standardizing tests _ 
with water; and they had an outward thrust ‘against them from the com- 
pacted fills, and this thrust was not removed by drainages although it- was 


reduced. The bulkhead ‘had a theoretical movement of 0.004 in. (04 mm) q 

Large Retaining Wall Tests”. by Charl aut pete Gy 
News-Record, February 1, 1922: March 8, 1929 pan coy eee E., Engineering 
82 Hngineering News-Record, March 19, 1934, p. 404, : 


83 “Vacuum in Soil Mech tie Ape ; 
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due to the scale attachments; and, if it did deflect, the. actual movement is 
not known. During the tests, the writer assumed that there was no side- 
wall movement, and that the possible movement of the bulkhead was too 
minute to affect the horizontal thrusts of the back-fill materially. However, 
he must admit that some movement did take place and regrets that it was 
mot actually measured. This change of opinion is due to the experiments 
made at the Massachusetts Institute of Technology." In his discussion 
Professor Terzaghi has.a made a direct comparison with his Massachusetts 
experiments, and has shown the similarity between both sets of tests, The 
ratios found by the Massachusetts experiments are not numerically appli- 
‘cable to soils that differ from the cohesionless, coarse sand. used in those 
experiments, but they do indicate the tendency. 

_. Dr. Froehlich believes it probable that the “passive” resistance on drain- 
age accounts for the high values of the horizontal pressures as reported in 
the paper. When the water was drained, the full hydraulic pressure was 
released, and the bulkhead might have moved inward, causing, the soil to 
‘resist being pushed back along its plane of rupture. This reverse action is 
known as the passive resistance, in contra to the active pressure of the soil 
wedge forcing the bulkhead outward. ¥ 

: Mr. Thackwell advocates using an. “equivalent fluid pressure” method 
to find the approximate horizontal thrust of a soil wedge on a wall. Usually, 
this fluid method is based upon the assumption that the material acts like 
ya liquid having a unit weight equal to that of the material, and that the 
result should be multiplied by a factor determined by experience. For fills 
without surcharge, this factor is the value of tan? (45° — 4 ¢), and it varies 
‘between dry, saturated, and drained conditions. In the Massachusetts experi- 
“ments, Professor Terzaghi used an hydrostatic pressure ratio, namely, 
the horizontal component of the soil pressure divided by the. horizontal 
"pressure that would be exerted by a liquid the unit weight of which 
is equal to the unit weight of the back-fill. In other words, the ex- 
pected soil pressure would equal “ke x liquid pressure”. These experiments 
showed how k varied for slight movements of the wall. It is possible that 
a series of values may be established in the future for the tangent square, 
or k, corresponding to varying weights of soils, arranged according to their 
_ characteristics, uniformity, dryness, saturation, and wetness (drained), to 
help obtain results sufficiently accurate for ordinary purposes. 

Mr. Thackwell used a depth of 6.979 ft when computing his Table 7. 

Tt would have been more consistent to have used the effective head of 6.906 ft, 
as he used the water pressure at the effective head in the next to the last 
~ column of his table, 
“The writer does not believe that air binding caused the decreasing 
pressures during the beginning of the irrigations. He thinks it was due to the 
loss of weight (buoyancy) | of the submerged soil and to the increase in 
the angle of internal resistance of that portion of the soil which was sub- 
merged. As the irrigating water rose m the back-fill the hydrostatic pressure 
increased sufficiently to offset this loss. 
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Mr. Feld’s objection to the converging sides of the bin as causing : 
decrease of the pressure of the soils on the bulkhead, especially at the sid 
is more theoretical than actual. The writer feels that the slope given 
the sides materially reduced arching effects, as shown by the consisten 
results of the repeating tests, and that the benefits from the slope out: 
weighed the disadvantages. 

The slope of one side was 0.5 ft in 16 ft, or 0.031 ft per ft of length. The 
canvas nailed to one side was 0.037 ft in thickness; therefore, the slope of: 
one side did not narrow the back-fill as much as the canvas thickness in the 
first 1.2 ft as measured on the surface of the fill back from the bulkhead 
As a plane of rupture slopes from the surface toward the bulkhead, the 
narrowing of the back-fill by the contraction of the sides was progressively. 
decreasing from the surface downward. Furthermore, an actual plane of 
rupture, in a soil having cohesion, is a curved surface concave to the bulk-: 
head; it is not a true plane, and the distance from the bulkhead to the place 
where a curved rupture plane cuts the surface of a back-fill is less than the 
distance where the theoretical true plane of rupture would cut the surface.: 
Furthermore, the layer of sand along the side walls, equal to the canvas 
thickness, helped to give more accurate results than if the bulkhead had 
been the full width from side wall to side wall. In other words, the layer: 
of sand along the bottom (the 4 in. below the bottom edge of the bulk-- 
head) and the layers of sand along the sides bounded the wedge causing! 

. the pressures by soil and not by the bottom and the sides of the bin. 

The writer believes the low values (for sand especially) for the posi- 
tion of resultant pressure were not caused by the shape of the bin, but by a. 
movement of the bulkhead, the effect of which was not anticipated when the : 
apparatus was designed. 

Regarding loss of pressure at early stages of irrigation, the writer agrees 
with Mr. Feld in his statement that “additional moisture content under | 
partial saturation decreased the pressure because of an increase in the co- 
efficient of internal resistance of the material”, 

Mr. Davey’s descriptions of actual failures are most interesting. Masonry 
is not homogeneous, and a stone wall is not of equal strength throughout its 
length. A break in a retaining wall would only approximate the theoretical 
slip of a fill or bank. The illustrations, however, are quite representative. 
of the active forces. 

Mr. Davey suggests that possibly the decrease in pressure on first irrigat- 
ing was due to the compression of the soils, thus permitting them to fall 
away from the bulkhead. This suggestion is not the writer’s idea. The 
soils were in compacted states, and settlement was not noticed. If any settle- 
ment did occur, it was minute. The 5% settlement, to which Mr. Davey 
refers, was with loose, not compacted, sand. 
The writer accepts Professor Krynine’s additional conclusion that quantita- 
tive results of the “behavior of soil in containers” can be extended to large 
actual structures only with great care. When accurate test results are 
correctly interpreted, the conclusions do present knowledge for the design — 
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~ of engineering structures. If the mathematical analysis is correctly applied, 


using approximately correct data, theoretical and actual results will be close 
enough to be covered by the usual factor of safety. The rear partition in 
the bin was too far back from the rupture plane to have had any influence 
on the pressures on the bulkhead, and the i-in. layer of soil below the lower 
edge of the bulkhead helped to remove the “bottom face” and tended to make 
the tests resemble natural conditions. 

The experimental box was made to the dimensions as marked (Fig. 4), 
which were checked by a tape. The sides were held securely to the dimensions 
by the tie-rods across the top and by the bottom flooring. Each foot of 
depth above the bottom was marked on the sides. As the bulkhead was 
suspended 4 in. above the bottom, the full depth of fill (as measured on the 
bulkhead) was 6.979 ft. In their discussions, both Dr. Froehlich and Pro- 
fessor Terzaghi state that there was deflection or movement. Measurements 
were not made to determine deflection of the sides. The bulkhead had a 
possible movement of 0.004 in. (0.1 mm) due to the scale attachments, and 
if it did deflect, such additional movement was not measured. 

Professor Krynine’s idea that surface tension of the capillary water 
causes the decrease of horizontal pressure at the beginning of irrigation 
is similar to that of Mr. Wilcoxen, mentioned previously. The tests showed 
that the angle of internal resistance increased when the soils were irrigated, 
and Fig. 18 illustrates the writer’s idea of the loss of pressure at early 


stages of irrigation. Assuming for the sake of simplicity that the critical 
planes are true planes, let ab be the plane of rupture of the dry material; 
abe, the wedge causing pressure on the bulkhead; and let ww represent the 
level of the irrigation water at an early stage. The angle of internal resis- 
tance of the wetted material, aw, increased so that the critical plane of this 
material would be ad, while that of the dryer material above would be de. 
The wedge causing pressure would be adec smaller than the original wedge. 
In addition, the weight of the material in the wedge, adw, would be its 
weight in water. The bulkhead pressure would be increased by the hydro- 
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static pressure having a head, aw. As the irrigation water level rises the — 
total pressure will increase faster than, the reduction of pressure due to 
the soil. This reduction in pressure due to the “soil only” is shown in the 


horizontal distances, Fig. 3, between the curves marked “Water only’ and 


“Irrigated”. The writer has advanced the theory that the angle of internal 
resistance of an irrigated compacted soil is greater than its angle of 
internal friction, due to the action of atmospheric pressure.* 
In the drained material, Professor Krynine believes that the water remain- 
ing was not uniformly distributed, but that the water content. was more 
concentrated near the bottom. This is true if the material stands long 
enough in a drained state. The writer’s assumption was made to avoid 
complication. . be furuacres 
Professor Krynine is correct in stating that the calculated angles:.in 
Table 4 are angles of internal resistance, rather than of internal friction. 
The writer believes that the wedge behind a retaining wall is bounded 
by a curved rupture plane. He has referred to a true plane only for the 
sake of more easily studying the pressure phenomena, In Nature, curva- 
ture of a rupture plane probably varies according to the amount, of cohesion 


in a soil. A true plane can be conceived for simplicity as one which is an 


average of the curved surface. 

Professor Terzaghi’s discussion is of interest because he has explained 
many phenomena which were puzzling. The experimental apparatus at the 
Massachusetts Institute of Technology" was capable of great refinement, 
since it had means of measuring, closely, the movement of the wall. Pro- 


fessor Terzaghi’s experimental wall weighed 13 tons, while the writer’s — 


bulkhead weighed about 800 lb, exclusive of the supporting rods. 

The 4-in. layer of soil below the bulkhead was arranged in order that the 
lower strata of soil would rest on soil and not on the floor of the bin. The 
effect of this layer on the results certainly tended toward accuracy. 

A comparison with the results of the experiments at the Massachusetts 
Institute of Technology has been made by Professor Terzaghi and shows 
a general agreement. The Massachusetts experiments were made with arti- 
ficially dried, cohesionless sand, having an effective size of 0.54 mm, and 
an uniformity coefficient of 1.70; while the soils in the writer’s tests con-- 
tained about 54% of moisture, were not cohesionless, had effective sizes of 
0.25 mm for sand, and of 0.57 mm for gravel, and had uniformity coefficients 
of 5.8 for sand and of 21.0 for gravel. 

In the Massachusetts experiments, the value of k (horizontal pressure 
as measured divided by the horizontal pressure of a liquid the unit weight 
of which is equal to the unit weight of the back-fill) became smaller as the 
movable wall yielded outward. The bulkhead df the writer's apparatus 
vibrated while-the back-fill was being placed and compacted. To protect 
the scale bearings and knife-edges, the scale lever arms were wedged. When the 
bin was filled, these wedges were withdrawn, so that the scales could 
operate. The movement of the bulkhead was limited to 0.004 in. (or 0.1 
mm) which is equivalent to 0.00005 h (in which, h = depth of fill). At the 
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' time of testing, it seemed to the writer that this movement was too small 
to affect the results, but, in the light of Professor Terzaghi’s experiments 
_ which were made to record the effect of a movable wall, it is probable that 
a movement of the bulkhead did cause a reduction in the horizontal pressures 
_ and in the values of &. The movements were so slight that slips and 
settlements were not noticed on the soil surface in the bin. 

The writer’s values for k& are 0.22 for loose sand, 0.20 for compacted 
sand, and 0.16 for compacted gravel. These values are computed from the 
“corrected” results given for loose sand, and for compacted sand and gravel 

in Column (4), Table 4, using the rodded weights. The Massachusetts 
experiments recorded k = 0.36 for its loose sand, with an outward tilting 
movement of the wall of 0.00005 h; and for its compacted sand, with the 
wall yielding outward and parallel to its original position these experiments 
recorded values of k = 0.31 at 0.00005 h; k = 0.21 at 0.0001 h; and & = 0.18 
at 0.00015 hk. As the bulkhead described in the paper was hung from links 
above (Fig: 1), any movement resembled the Massachusetts Test No. 2, in 
which the wall yielded parallel to its original position. 

i In the Massachusetts experiments, the centers of pressure were higher 
than in the writer’s tests, but this may have resulted from the fact that 
the writer’s bulkhead moved outward more at the bottom than at the top, 
whereas the wall of the Massachusetts experiments moved in the reverse 
direction (see Tests Nos. 1 and 3)* or equally at top and bottom (see 

- Test No. 2). 

According to Professor Terzaghi,“ the horizontal pressure ratios, k, 
depend on the intensity of the frictional stresses that act within the wedges, 
and the greater these stresses the smaller is the corresponding value for k. 
This is the same conclusion that the writer’s tests illustrated, and the effect 
of atmospheric pressure may offer a possible explanation, especially for wet 
soils, as will be explained hereafter. 

Six Goldbeck cells were used, by the writer, but were not mentioned in 
the paper, because they did not “make and break” contact sharply so as 
to give results sufficiently accurate for his research. As Professor Terzaghi 
used Goldbeck cells in the Massachusetts experiments”, it would increase 
general knowledge ‘to record the writer’s experience. 

The cells were in pairs, three on approximately the center line of the 
bulkhead and three on one side wall 15 in. back from the bulkhead.’ The 
upper pair were 2 ft below the surface of the back-fill, the middle pair, 
3 ft 6 in., and the bottom pair, 6 ft. Each cell was set in a mortise and 
the space around it was tightly packed, making the face of the cell flush 
with the inner surface of the bin. The air and electric connections entered 
from the outside, and the pressures were recorded in inches of mercury.’ 
The cells were calibrated during ‘the standardizing tests with water, and 
corrections found for each. It is possible that the corrections for water 
did not hold true for sand, and, also, as the cells stood vertically, the sand 


- t4 Engineering News-Record, February 1, 1934, p. 140. 
8 Loc, cit., February 22, 1934, p. 262. 
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pressures recorded might not have been the true horizontal pressures, but 
diagonal pressures of an unknown degree. 

The pressures, in inches of mercury, as averaged from the records of 
four dry tests, ten irrigated tests, and eight drained tests of compacted 
sand, are given in Table 10. The pressures for “sand only” under saturated 


TABLE 10.—Pressure, In INcHEs or Mercury, DretERMINED 
BY GOLDBECK CELLS. 


ee eine Dry Saruratep Sanp ONLY DRAINED 
Bulk- | Side Bulk- | Side 
Sag head | wall | AYT¢| ‘head | wall 
_ Upper........| 1.24 1.33 1.285 0.94 0.88 
Middle vespees 1.45 1.86 1.655 0.72 ‘ 
Bottom,..... 2.25 2.45 2.350 0.63 0.70 


conditions were found by subtracting from the cell readings for saturated 
sand the readings for water under the same head as the depth of back-fill. 
Table 10 gives the readings for the cells on the bulkhead, and on the side 
wall, as mentioned. The average pressures are plotted in Fig. 19, and the 


Surface of Compacted Sand 


Depths from Surface in Feet 


DRY SATURATED DRAINED 
SAND ONLY 
Fic. 19.— PRESSURES AS RECORDED BY GOLDBECK 
CHLLS. 


pressure curves drawn. These curves reflect any movement of the writer’s 
bulkhead which may have made the pressures on the bulkhead cells gen- 
erally lower than those on the side-wall cells (see Table 10). 

The writer recognized, before reading Mr. Vaughn’s discussion, that 
there seems to be a difference between “internal friction” and “internal 
resistance”, and has used the latter expression in his closure. There seems 
to be more than “friction” between the grains of a compacted and saturated 
fill before slipping can occur on a critical plane. Under conditions of a 
compacted fill that is saturated (not super-saturated) the voids are filled 
with water, and the writer’s theory™ is that the partial vacua created when 
the grains tend to, or do, move apart on a plane of rupture cause a portion 
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of the atmospheric pressure to resist movements and to hold the grains 
‘from separating. The water in the voids cannot expand (like a gas) when the 
grains try to move away from their neighbors. However, time and 
the surface tension of the water may affect the results. Atmospheric pressure 
is similar to hydrostatic pressure, and acts through the grains of the soil 
“where they are in intimate contact, and also on the water in the inter- 
stices between the grains. In consequence, a critical plane, to cause slip- 
ping, would have to be steeper for a saturated soil than for the same soil 
in dry condition; that is, the angle, ¢, commonly called the “angle of 
internal resistance”, would be greater for saturated than for dry conditions. 

To illustrate, let MF (Fig. 20(a)), represent a part of a plane of rupture 
for a dry soil. Draw the vertical, MG, to denote the weight of the soil 


Fig. 20. 


‘above M, and GF normal to the plane. Then, MF would be the shear or 
internal friction, just causing rupture. If the same soil is saturated and 
partial vacua tend to form at M when the grains above the plane of 
rupture try to move, a portion of the atmospheric pressure would act along 
MA, and MX would be its vertical component. Then, lay off XW to denote 
the weight above M, of the soil in water; and draw the normal, WF. The 
new shear, MF, would be less than that required for rupture. If the plane 
of rupture is made steeper (see MF, Fig. 20(b)), and MA represents the 
same unit value for air pressure as before, MX, its new vertical component, 

and XW, the weight of soil in water as before, the value of MF,, or shear, 
will be equal to or greater than MF in Fig. 20(a), and rupture will occur. 
The line, HF,, represents the horizontal pressure, and will be smaller under 

- gaturated conditions than HF under dry conditions in Fig. 20(a), which 
is the result shown by the tests. 

The writer has given values to these lines from his test records, and 
it would appear that the air pressure under saturated conditions which 
would just cause rupture in Fig. 20 (b), would be less than one-quarter of 
an atmosphere. 
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From an inspection of Fig. 20, it is seen that, near the surface of] a 
back- fill, the weight, MG, is small and the plane of rupture must be steep ) 
to cause slipping. Farther down in the fill the weight, MG, is greater, 
and the plane can be less steep to create an equal shearing force.. This } 
may explain why banks cave on curved surfaces, and why surfaces of 
rupture for soils are curved and not true planes. ; 

With a saturated back-fill or deposit, against the lower part of the} 
back of a dam which is submerged by the water in the reservoir (the voids 
being full of. water with the grains in a compacted state and not forced | 
apart by super- saturation), it would seem that the same conditions apply ' 
as described for a saturated back-fill, the surface of which is exposed to) 
atmospheric pressure. The wedge of the submerged back-fill exerting ; 
pressure on the dam would be bounded by its plane of rupture. The total pressure : 
would act with full effect through the mass and would tend to prevent the: 
grains from separating on a normal plane of rupture causing an increase} 
in the size of the voids. Therefore, the plane of rupture would have to: 
be steeper before gravity could separate the grains and slip could occur. 
If the mass of the fill is super-saturated—that is, if the grains are separated 
by super-saturation—it is conceivable that the water would act as a lubricant 
and diminish the angle of internal resistance. 

It would seem that atmospheric pressure has a more iutomtaee part in 
- many soil phenomena than has been recognized heretofore, and its action 
is more than’a relation to capillarity. The tests show that drainages 
removed the “vacua” support, while subsequent irrigations restored it. The 
repetitions of loss and recovery of support were very consistent in the tests. 

Referring to Mr. Vaughn’s discussion of the reduction in horizontal 
pressure during the first stages of irrigation, the writer mentioned in his 
paper that the phenomenon was probably caused by the loss of weight of 
that. part of the bagk-fill which was submerged and to a change in the 
angle, ¢, due to the irrigation water. An increase in the angle of resistance — 
would reduce the pressure from the irrigated portion of. the. fill, both by 
reduced weight of soil and. size of wedge, and would also reduce the size 
of the wedge of the dry part above. At early stages of irrigation, these 
reductions might be less than the additional hydrostatic DUCREEE, 4 as 
explained in connection with Fig. 18. 

Mr, Hirschthal mentioned. soil-pressure. pala, and the writer’s. results: 
of pressures recorded by the cells used in his research are mentioned herein. 
In further explanation of Mr. Hirschthal’s reference to internal friction, 
the writer calls attention to the effect of the moyement of the bulkhead 
holding the back-fill, and to.the atmsopheric pressure acting internally in 
the soil mass, thus increasing “internal friction” to, “internal resistance”. — 
Both these subjects have been discussed herein. 
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MODIFYING THE PHYSIOGRAPHICAL BALANCE 
BY CONSERVATION MEASURES 


Discussion 


> By Messrs. J. B. LIPPINCOTT, AND RHODES E. RULE 


J. B. Lieprncorr,” M. Am. Soo. CO. E. (by letter)*—The effect of struc- 
tures on the natural channels in the streams in the southwestern part of the 
United States, is well described in this paper. The deductions are of interest 
and value. ; 

. Temporary check dams composed of stones wrapped in wire netting and 
placed on the débris in the canyons or cones, to catch detritus and reduce 
stream gradients, are a menace rather than a benefit. Following the severe 
storm on New Year’s Day, 1934, in the drainage basin of Verdugo Creek, 
12 miles north of Los Angeles, Calif., all such structures inspected, which, 
had. not been built on bed-rock, failed, releasing impounded material. . They 
are likely to mislead the public into believing in false safety. she ; 
In Section 2 the author states that “the forest cover unquestionably has 
an important constructive ‘function in Nature which may not be fully 
appreciated because it is not well understood.” The beneficial effect of 
forests in regulating floods has been generally accepted, but its profound 


‘extent has not been appreciated until recent investigations by foresters in 


California have made available its quantitative effect. A review of some of 
these determinations appears to be justified, The general conclusion of field 
tests has been sustained and emphasized by the startling results of the New 
Year’s flood disaster in the drainage basin of Verdugo Creek. | 
In Southern California stream gradients of the mountain drainage basins 
“are steep and the prevailing crystalline rocks are of a fragmentary and 
friable nature subject to rapid erosion. The sedimentary formations of the 
foot-hill areas also are rapidly cut by floods. When exposed’'to violent storms, 


floods are projected through the canyons on to the valleys, carrying with 


orp.—The paper by A. L. Sonderegger, M. Am. Soc. C. H., was published in’ Decem- 
‘per, 1933, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
March, 1934. by Messrs. H . Chapman, and HB. B. Debler; April, 1934, by Messrs. 
Frank E. Bonner, and C. S. Jarvis; May, 1934, by Messrs. W. P. Rowe, and J. C. Stevens ; 
and August, 1934, by Gerard H. Matthes, M. Am. Soc. C. E. 
50 Cons. Hydr. Engr., Los Angeles, Calif. 


50 Received by the Secretary July 9, 1934. 
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them surprisingly large quantities of débris which are deposited as delta 
cones below the mouths of the canyons. The depth of the valley fills is ofte 
in excess of 1000 ft. Floods travel over these deltas in changing and un- 
certain channels. Communities located in the plains are menaced both b 
the floods and also, to a greater extent, by the débris. Occasionally, thes 
violent floods contain surprisingly large percentages of mud, sand, and gravel! 
as a thick emulsion, their high flow marks indicating a discharge too great 
to appear rational, if they were considered as composed of water only. For 
instance, in the summer of 1931, a flood occurred in Lone Tree Canyon,. 
in the Tehachepi Mountains, discharging into the Mojave Desert, 14 miles 
northeast of the Town of Mojave. This was computed from high-water 
marks, to have been 51500 cu ft per sec from a drainage basin of 35 sq 
miles as estimated by engineers of the Department of Water and Power 
of the City of Los Angeles. This drainage basin rises from 3000 to 6 708 ftt 
in elevation. The lower half is practically bare. Above 4500 ft it is sparsely; 
timbered and has little brush cover. Floods exceeding 2000 sec-ft per sq mile: 
were indicated for certain neighboring basins of from 2 to 4 sq miles. Fig. 3} 
shows the character of the lower part of the drainage basin and the flood | 
channel of Lone Tree Canyon. 


Fic. 3.—Lonn Tres Canyon, SHOWING CHARACTER OF CHANNEL FOLLOWING FLOOD oF 


AUGUST, 1931, WHmRD SHCTIONS AND GRAD 
ES WERE TAKEN, 
eee Ree N. NOTE BARE CHARACTER 


Another flood on September 30, 1932, in the Tehachepi Pass left marks — 
of indicated flows of 19200 cu ft per sec from 33.8 Sq miles on the head- 
waters of Tehachepi Creek. This basin is from 3000 to 5000 ft in: elevation — 
and is about one-half bare of cover. The remaining part has a few scattered . 
oak and pine trees and little brush cover. A flow of 43 500 cu ft per sec 
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‘was estimated from 20.2 sq miles on Oak Creek." This basin is 10 miles 
west of Mojave. It rises from 3600 to 7950 ft in elevation, and is about 
three-fourths bare of cover. These three drainage basins are relatively 
‘smooth mountain areas. The floods were flashy, resulting from so-called 
-cloudbursts. . 

During the past few years, the State and National Forest Services have 
been making intensive studies both in the laboratory and in the field, to 
find the relationship between water and débris discharge from brush-covered 
and burned areas. 

The storm of December 30 and 31, 1933, and January 1, 1934, which 
occurred in the Los Angeles area, produced large floods of water and débris 
from the upper parts of Verdugo Creek. These floods were projected from 
the steep slopes of the Sierra Madre Range on to the Canada Valley, 12 miles 
‘north of Central Los Angeles, causing the death of 34 people, the demoli- 
tion of 200 homes, and damage to much other property. The results from 
this storm, accentuated the importance of the study of the foresters of the 
relation between flows from denuded and forested areas. The data that have 
been compiled are of such impressive nature to the writer, that it appears 
of interest to digest some of the records in this discussion. 

W. C. Lowdermilk, Senior Silviculturist of the California Forest Experi- 
ment Station, at Berkeley, Calif., has conducted a series of laboratory tests 
for the purpose of throwing light on this relationship. Observations have’ 
also been made, under his direction, of the run-off and eroded material from 
two duplicate small adjacent plots of land at North Fork, on the western 
slope of the Sierra Nevada, east of Madera, Calif. . Two of these plots 
(fy acre, each) had normal brush cover, and on two of them this cover was 
burned. The ground slopes were from 30 to 60 per cent. Recording gauges 
and sand-traps were used to determine quantities. Dr. Lowdermilk states” 

the following conclusions from this test: 


“Two significant results appear in the data of rainfall and runoff from 
the plots covered with a natural mantle of vegetation, and from plots burned 
bare of this vegetation. They are (1) that under intensities of rain up to 
as much as 2.4 inches per hour no surficial runoff was measured from the 
covered plots, except where snow drifted into baffle troughs, and (2) that 
the soil surface burned bare yielded rates of runoff up to 0.30 second feet 
per acre, representing 200 second feet per square mile. * * * Kroded 
material from the burned plots reached maximum totals of 3 cubic yards 
per acre for the rainy season of 1929-30. This material was predominantly 
mineral soil, whereas material from the covered plots was essentially the 
organic material of litter.” 


The eroded material from the burned plots was 241 times as much as 
from the covered area. One pair of plots is in undisturbed natural forest- 
brush cover characteristic of the Sierra foot-hills. Two of the plots are on 
an azea on which all cover was cut and burned completely in the fall of 1929. 


51 Estimates for Tehachepi and Oak Creeks by the California Div. of Water Resources 
Rept, (January, 1933), on Flood of September 30, 1932, on Tehachepi Creek. 


83 Agricultural Engineering, April, 1931. 
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Table 6 gives the results of the test for the storm of December 30 and 31, 
1933, and January 1, 1934, on these North Fork plots.* The total rainfall 
for the storm was 2.92 in. Its maximum intensities for 10-min and 60-mir 
periods were 0.18 and 0.58 in., respectively. It will be noted that the ratio 


TABLE 6.—Ruy-Orr anp Erosion, iv Ousic Feet per Acre, FroM NortH 
Fork ExprriMentaL Priors; Storm or DrecempBer 30 aNp 31, 1933, AND 
_ JANUARY 1, 1934 


Burned once, Burned annually 
1930 


Area . Unburned 1929-31-32-33 
EARDISONS fcis cro, sip c"efato.s a0 Sipe coh ate nisjamyaiers aaeless ete 4 56 
|) 
PRAUIO Wit olan F aieoth nk gate» din a.s neh obeieneetes ead 1 14 : 
BOBO. citeke at ohhh Saale as hose slap biaaseareeate ee ea 0 0.1 
RAC actins © sia. ob « Ringauat eieishogdesc eemster ne eaten’ 0. 1 1 000 


of run-off for the period of the storm for the area that was burned once,, 
was 14 times that from the unburned area and 463 times that from the area | 
burned annually four times. The eroded material was zero from the unburned . 
area and 100 cu ft per acre for the area that was burned four times. 

Similar observations were made from small plots in San Dimas Canyon, , 
which is on the southern slopes of the Sierra Madre Mountains, in Los | 
Angeles County. These plots are from 1000 to 1200 sq ft in area, equipped 
with inset borders to prevent the incursion of surficial run-off from each 
side and to prevent the escape of run-off except through the outlets. Auto- 
matic measuring devices of the flow are installed. The forest cover consists 
of brush in the undisturbed plots, the other adjacent plots being burned off. 
The plots (0.022 acre, each) are established in pairs. The results obtained 
from observations on the storm of December 30 and 31, 1933, to J anuary 1, 
1934, are shown in Table 7. The total rainfall for this storm was 11.68 in. 


TABLE 7.—San Dimas Run-Orr ann Erosion Priors; Summary or Storm, 
DecemBer 30, 1933, To JaANuaRy 1, 1934 ae 


Description : Covered plots’ 
BIG GT Nib OW, Uke, oh aol cag tanta teen 301 | 302 
Precipitation per plot, in cubic feet...........02...00.00c000e 932.5 932.5 
Run-off per plot, in cubic feet.....0....0000 cece cee ceeecuaces 1.055 0.702 
nn SS _—————S—S »s —=~= 
Run-off as percentage of precipitation.................. eR Ly: 0.11 0.08 
AGO ON TUN-Of es tf. cock dae oc ect eee hee eee 1 
Maximum rate of run-off expressed as second-feet per square mile 10.2 11.4 223.4 200.7 . 
SSS SSS _—SS OSV ————— 
Eroded material (dry weight, in grams)*..................... 935 446 8 367 Le 595 

| 4 
Mrodedimaterial (average)... 5.0.6. ese sce cee ete ; a 
Eroded material OM ae in moisture-free weight, in pounds per| vas . : be : 4 
acre...... fees srupisieuit te tte avis sic chcckd cake eee oe 68 1 250 

Ratio. of erosion 21, 6. lila cttiass bwsdtebine bueno Le {tea lest 18.4 ; 
pe Sn ee & 
ON pat Tua a tol a rietiig. | oy wl Mila} HELE Ta Wal a a 7 


Material was dried at 110° C for 40 hr. 


53 Hrom paper by Charles J. Kraebel, Senior Silviculturis: 
Station, before a Conservation Conference in Los Angeles, Calif., March 28 ee 


i< 


Pickens f...... ieee 
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Its maximum intensities for 5-min, 60-min, and 1 440-min periods were 0.12, 
0.97, and, 9.55 in., respectively. . 

The cover in the unburned area consists of a dense growth of brush 
approximately 10 ft in height. It will be noted that the ratio of run-off 
from the burned: plots was 40.9 times that of the unburned plots, and that 
the ratio or erosion from the burned plots was 18.4 times the erosion from the 
unburned plots.. These measurements were made by the California Forest 
Experiment Station. ; 

_.. Table 8 shows the rain that occurred during the storm of December 30, 
1933, to January 1, 1934, along the southerly face of the Sierra Madre Range. 


TABLE 8.—Maxtmum Ratnrau INTENSITIES 


IncHES OF RAINFALL Total 


Station al Location for. 
10-min. 1-hr. , Storm, 
period period in inches 

Mt, Lukens. ......... 0.30 0.88 Summit of burn.......+... 11.04 
Haines Canyon 0.27 0.94 West edge of burn......... 12.08 
Flintridge... ../.-.5-. 0.34 1.33 J mile southeast of burn... (14.03 
San Dimas Water-Shed...........-- 0.25 0.97 25 miles east of burn.......} 10.8 

Momona City... ..6cscecip- cee cseeers 0.28 1.29 30 miles southeast of burn. . 10.56 


While quite uniform it was somewhat unusual in that there was no marked 
{ncrease in precipitation with rise in elevation. The first station, Mt. Lukens, 
is at the crest of the Verdugo Water-Shed, Haines Canyon adjoins it on 
the west and Flintridge to the east. San Dimas is near the base of the 
range, 26 miles to the east. sit 


TABLE. 9.—Resutts or New Yzar’s Srorm; Run-Orr snp Erosion FROM 
SouTHEerN SLopEs OF THE Sierra Mapre’ Rance, Los ANGELES County, 
CALIFORNIA 


‘ PERCENTAGE OF Peak run-off, in} Erosion, in 


Water-Shed Rainfall, Area, in WaTER-SHED cubic feet per | cubic yards 
in inches |square miles second persquare| per square 
Burned | Unburned mile mile | 


BuRNED WATER-SHEDS 


ses es eneiel sinish 12.5 19.3 33 67 ) 350 30 7 
| 12.5 | 0.48 | 100 | 0 | 1 000 | 50 000 


UNBURNED WATER-SHEDS 

Arroyo Seco......--- 12.3 16.24 0§ 99.4 58 (No record) 
San Dimas.......... 10.8 16.85 0 100 53 56 - 
Fern and Bellf...... 12.4 0.30 0 100 25 52 
er EET EU CETTE 

* Area and run-off computed at Wabasso Way. } Area, etc., computed above junction with east 
fork. This is a mountainous part of the Verdugo Water-Shed. Average of four experimental 
water-sheds, except area, which is total. - § The area burned, 58 acres, in backfiring was too small 


and too lightly burned to affect the run-off from more than 16 sq. miles. 


.-!Table 9, taken from Mr. Kraebel’s paper,” gives run-off and erosion figures 
from five small neighboring drainage basins. It also shows the extent of 
burning that has occurred in the Verdugo Basin in the fall of 1934. 

...'Phe increase in stream run-off and eroded material from the burned range 
as compared to the unburned areas is startling. The comparison from the 


| 
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small Pickens (burned) Mountain area of 0.48 sq miles and the Fern an 
Bell (unburned) area is illuminating. The Bell Canyon figures are actual. 
measurements, but the Pickens Canyon quantities are estimated. The 
estimates by the engineers of the Los Angeles County Flood Control of: 
peak flows from some adjacent small canyons in the burned area were muc 
larger. The rainfall on the different basins was quite similar. The Arroyo 
Seco Basin adjoins the Verdugo Basin to the east. The San Dimas Basin 
ig 26 miles east of the Verdugo Basin. Their topography and exposure are 
quite similar except that about 6 sq miles of the Verdugo Basin is the steep 
absorbent canyon floor. Probably the greater damage to life and property 
in the Verdugo area was caused by the débris that was projected from the 
burned areas more than by the water. 

The volume of the flows in the Verdugo Basin is not possible of close 
estimation because of the high percentage of débris carried by the water and | 
the erosion of the channels. It is also difficult to make accurate~ estimates 3 
of the quantity of débris discharged on to the valley floor. It has beent 
computed from surveys as more than 500000 cu yd, mostly from the burned | 
part of the Verdugo Basin. 

On the Arroyo Seco, which adjoins the Verdugo Canyon on the east, the» } 
peak run-off of which was caught in a reservoir, there occurred only one- - 
sixth the quantity per square mile of the 19.8 sq miles of the Verdugo, , 
the higher mountainous portion of which had been burned over in the fall | 
_ of 1933. There is no record of the eroded material from the Arroyo Seco, , 
but it was relatively insignificant. The violence of the flood in the head- - 
waters of the Verdugo Canyon is demonstrated by the size of some of the | 
boulders that were left standing by the storm on concrete street pavements, 
the largest of these boulders being estimated at 59.5 tons (see Fig. 4). It 
probably was pushed or rolled along by a mud flow. 

It will be noted that only one-third of the Verdugo water-shed was burned 
over, but this was in a high mountain part of the basin. It will be observed 
also that La Canada Valley, which has been filled by previous storms 
with steep sloping débris cones, constitutes. another third of the Verdugo 
Basin. The remainder and unburned part consists of the Verdugo brush- 
- covered mountains and hills. It would be more reasonable to expect less 
peak run-off per square mile from the Verdugo water-shed had it been brush- 
covered than from the Arroyo Seco, or other basins to the east, both because 
of its topography and exposure. ; 

Many “check dams” which consist of rock covered with wire netting, 
built in the beds of the canyons, to heights of from 6 to 10 ft in the Verdugo 
water-shed, were destroyed by this flood, demonstrating that such structures, 
which have been advocated by many, are failures as retarding elements for 
such floods. If these dams were built on bed-rock and of masonry to heights — 
of 25 to 50 ft, they would have beneficial effect. 

Efforts at afforestation in the Sierra Madre Mountains have been failures’ 
except on high crests and northern slopes. The brush cover has proved 
efficient for flood and débris control. It has the advantage of repepduninag 
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itself by sprouting from its roots after fires, which is not true of large trees. 
The so-called “forest reserves” are not used for, and have little value as, a 
source of lumber. 


Fig, 4.—FiLoop DamMAGge, MonTRosp DISTRICT, LARGE BOULDER DISPLACED NEAR ‘MoutH 
or DUNSMUIR CANYON. THIS BOULDER Is RESTING ON STREnT PAVEMENT, 


The lesson to be learned from these floods demonstrates the value of 
brush cover in controlling floods, preventing erosions, and indirectly aiding 
in maintaining leveed channels and reservoirs from filling with débris in 
Southern California. While this a self-evident fact, its full importance has 
not been quantitatively shown until recently. Greater effort should be made 
than in the past to preserve the brush cover from fire. Gordon E. Ellis, 
Assistant Supervisor of the Angeles National Forest, reports that since 1905, 
448 fires have occurred in and adjacent to that reserve, which have burned off 
a total of 227710 acres, including 102 fires outside the boundaries of the 
National Forest, the latter totaling 18 404 acres burned. The expenditure 
by the Federal Government in fighting these fires has been $448 277. In 
addition to the work of the National Forestry Service, both the State of 
California and the County of Los Angeles have active organizations which 
co-operate in forestry work with the Federal Government. Fires occur dur- 
ing the heat of the dry summer and spread through the dense brush with 
rapidity. It is extremely difficult, if not impossible to extinguish them 
unless the effort is made at their incipiency. It is essential to reach the fire 
quickly. Permanent outlooks are maintained in the Forest Reserves and 


they are also patrolled by airplane to detect fires. 


‘ 
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The most effective way of fighting fire is by the construction of a system 


of roads in the Forest Reserves that will. permit. of men and equipment 
‘being promptly delivered to them when the fire is reported. This can: best 


be accomplished by building trunk roads through the Reserves, which may be , 


used as public highways, from which branch forest roads may be con- 
structed to strategic points, which laterals may be kept closed except in times 
of emergency. Such road systems are now (1934) being constructed in 
most of the Southern California Forest Reserves. 

The adopted policy of building subestantial masonry dams on the principal 
stream lines for the purpose of flood control and conservation is desirable but 
very expensive. They have demonstrated their effectiveness. Usually, the 
capacities of the reservoirs are small and unless their drainage basins are 


protected. by forest or brush cover so as to prevent large erosion in their 


tributary basins, the duration of their usefulness is rapidly reduced. 
The author has properly called attention to the necessity of careful con- 


sideration of stream gradients in relation to constructive conservation works. 
The protection of the forest cover is a still more basic requirement for the 


maintenance of permanent flood control. 
In Conclusion (3) the author states that “engineers, Eine eo and 
agriculturists have come to realize that the water-shed is their common 


problem and that co-operation will lead to a rational solution of water con-— 
servation in the water-shed.” The writer heartily concurs in these sentiments © 
which were endorsed at a large meeting of conservationists, including 


engineers, foresters, and civic organizations, held in Los Angeles on 
March 23, 1934. 


Ruoves E. Ruuz,“ Assoc. M. Am. Soo. C. E. (by letter)™*\—The result 
of mature deliberation on an important but usually neglected phase of! con-— 


servation engineering is presented in this paper. In so doing the. author 


displays that rarest of qualities, the long-range viewpoint. Although. many 
may find exceptions to detailed opinions. expressed, none can seagate: the > 


fundamental wisdom of Mr. Sonderegger’s: proposition. 


The author’s physiographical balance is not a condition of ae equi- b 


librium; it is rather a relative uniformity in the time rate of change: of the 


physiographic condition. As he states, this uniformity is of long-term ‘trend i 
rather than short. However, this uniformity may be over-stressed. Within — 


human experience rivers have made major changes in their courses, Moun- 


tains have actually “fallen”, forming gigantic. natural dams, Other 


exceptions to the rule that geologic’ processes are in general non-cataclysmic 


are abundant. There is a common tendency to exaggerate the pituiiiicte 


of normal geologic processes when they occur infrequently. ©. | .. fo 
When going to extremes’ Nature has a habit of doing a mmo jo of i it 

The late Allen Hazen, M..Am: Soc. C. E., has stated ;* 
Civ. Engr., Los Angeles, Calif. ; 


%¢ Received by the Secretary July 10, 1934. ris 
%= “Flood Flows”, by Allen Hazen, p. 58, John Wiley & Sons, | New York, N.. te 
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“Tn considering the whole flood problem there is the remarkable condition 
that a few very large floods are so high in comparison with all the rest that 
the question is raised as to whether they belong in the same class or whether 
they are outside and follow some law of their own which comes into opera- 
tion only. at very long intervals and with extraordinary floods.” 

Recent statistical studies made by the writer tend to bear out this 
hypothesis that extreme storms—and, hence, floods—follow a law of their own. 
The tentative conclusion is that great floods are more probable of occurrence 
than. is indicated by ordinary probability studies. 

-Of recent years it has. become the vogue to credit many extreme 
floods to human interference-in the form of fires, timber removal, and over- 
grazing. The conclusion that removal of. this interference will reduce 
materially the possible maximum flood must be treated cautiously. On the 
other hand, there is no doubt that these human activities have a marked 
effect on flood conditions and, in some cases, are the controlling factors. 

In the case of the destructive floods of 1923 and 1930, at the westerly 
base of the Wasatch Range, between Salt Lake City and Ogden, Utah, there 
is strong geologic evidence to support the theory that the rate of erosion 
resulting from these floods was much greater than at any time since the 
passing of Lake Bonneville, a matter of tens of thousands of years. This 
excessive erosion rate is probably properly attributed to denudation by fire 
and over-grazing. 

Similarly, the La Crescenta-Montrose mud flow in Southern California, 
on January 1, 1934, was the result of a severe precipitation concentrated on 
a relatively small but almost completely fire-denuded area of steep water- 
shed. Undoubtedly, some human hand was responsible for setting this fire 
and was, therefore, responsible for upsetting the physiographic balance which 
resulted in destructive floods and mud flows, and loss of life and property. 
It is significant; however, that this took place despite a most elaborate and 

highly organized system of fire-patrol. This raises the question as to how 
far human effort can go toward stemming the tide of natural forces. 

Before civilized man came on the scene detrital flows of the same nature 
as those occurring in the La Crescenta-Montrose area were of frequent 
happenings. In no other way is it possible to account for the alluvial fans 
at the bases of the Southern California mountain ranges. Detritus hundreds 
of feet in depth has been deposited in the space of relatively short geologic 
time. To have accomplished this vast task of transportation required many 
great floods because it is only in major floods that coarse material, such 
as that comprising these fans, can be transported in any appreciable quantity. 
Tt is doubtful whether works of Man can do much in an economic manner 
toward controlling such floods to the point that occupation of these alluvial 
fans can be made safe. Granting that débris dams may be built to accomplish 
the purpose for a term of years, is the cost balanced by the benefits? Should 

an entire county be taxed for protecting the property of a small special 
class of property owners? The major portion of the damage in the 
La Crescenta-Montrose area was done to improvements lying in the direct 


paths of countless previous floods. 
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The author’s treatment of the effect of regulation upon the natural balance ~ 
of a stream system deserves serious consideration. In Southern California 
the equilibrium between aggradation and degradation is accomplished by 
many seasons of the former and few of the latter. When storage is pro- 
vided on a stream for all but the capital floods the burden of establishing 
a new gradient is imposed upon the stream below the storage. The periods 
of degradation become much fewer and of less ability to do work of trans-~ 
portation. Add to this the continually growing flood discharges from paved 
streets in the metropolitan area, and the situation becomes acute. The effect 
of this discharge from improved areas is to increase the discharge and carry- 
ing power of the tributary streams without adding much to that of the 
main stream. It seems that unless proper precautions are taken the arrival 
of the rare capital floods will find conditions right for overflow of much 
highly improved real estate. 
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MODEL OF CALDERWOOD ARCH DAM 


Discussion 


By Messrs. P. WILHELM WERNER, ELDRED D. SMITH, 
ELMER O. BERGMAN, AND E. PROBST 


P. Wiweenm Werner Assoc. M. Am. Soo. C. E. (by letter).”*—Many 
important points pertaining to the design and construction of high dams, 
and to the application of tests on models of such dams are contained in this 
paper. Under “Measurements Made on the Model (Temperature Measure- 
ments)”, the authors state that for the model “it was comparatively simple 
to keep the temperature variations within such narrow limits that it was 
not considered necessary to introduce temperature corrections.” Referring 
to Similarity Condition 8, 


1 peace ip pst mand ee OR eee Oe (18) 
Cn 

it would be of value to know in what manner the temperature difference, 
Tm, for the model was, and, for future measurements, will be, controlled in 
the special case under consideration. Even if it may be fairly safe to assume 
that the coefficients, cp and em, are sufficiently uniform to be assumed con- 
stant, it seems rather difficult to make the temperature difference, 7m, comply 
with Equation (18) at a sufficient number of points, when considering the 
irregular distribution of temperatures that occurs in a structure the size 
of the prototype. Because of the different thermal conductivity, and probably 
also, the different emissivity, of the materials in the prototype and the 
model, it would scarcely prove adequate to control only the temperatures 

of the media surrounding the model. 
_ For a prospective dam there would appear a further complication in that 
“the distribution of the temperatures in the prototype is not known before- 
hand. This latter obstacle, however, will probably be overcome in the 


Norn.—The paper by A. V. Karpov and R. L. Templin, Members, Am. Soc. C. E., 
was published in December, 1938, Proceedings. ‘Discussion on this paper has appeared 
in Proceedings, as follows: April, 1934, by Messrs. A. W. Simonds and Lars R. Jorgensen ; 
and May, 19384, by A. C. Janni, M. Am. Soc. C. HB. 

2 Cons. Engr., Stockholm, Sweden. 


2%4e Received by the Secretary July 5, 1934. 
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future through the knowledge obtained by the increasing number of tempera-- 
ture measurements on existing dams and on dams in course of construction. . 

Similarity Condition 8 will be of importance especially when it comes} 
to determining the effect of the progressive dissipation of the chemical heat} 
in the concrete, and of the changes in the climatic conditions. It is well | 
known (although probably not always fully realized even in the most! 
modern dam designs) that an irregular distribution of the temperature may’ 
have a marked influence on, and may even be the dominating factor in,, 
the elastic behavior and stress conditions of a structure of the type) 
in question. 

_The state of stress in an arch dam due to an irregular distribution of ' 
the temperature is very complex in its nature. The behavior of an elementary | 
arch subjected to a differential temperature with a linear distribution be- | 
tween the faces has been referred to elsewhere.” Another aspect of the: 
problem is demonstrated in Fig. 16, representing a vertical element of an 
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arch dam with triangular cross-section. Assume that, with the mean 
temperature kept constant, a certain difference in temperature (AT) is 
introduced between the up-stream and down-stream fibers. (Note that this 
is not the same as the difference in temperature between the media sur- 
rounding the dam,.as there will be a drop in temperature also along the 
contact surfaces between the media and the dam as shown in Fig. 16(b)). 

Whatever the law of transmission of temperature between the up-stream and 
down-stream fibers may be, it is evident that the difference in temperature 
will cause a tilting of the cantilever. If AT <0, that is, if the up-stream 
fiber is cooler than the down- stream fiber, the tilting will be in the up- 
stream direction, which means that the horizontal arches will be stressed in 
tension and, probably, the. vertical joints open up (if they are not. already 
open). This, in turn, means that the cantilevers will be required to carry 
a still greater part of the load than otherwise, before the arches take any 
load. Theoretical considerations, based on some simplifying assumptions 
as regards the distribution of temperature, will show that this condition 
may be of great importance in practical cases. 

When analyzing the results of the measurements on the prototype, it is! 
well to remember the uniform and ordinary elastic properties. of the con- 
crete used (see Appendix I of the paper). That the cantilevers in an arch 

* “Die Staumauern”, by N. Kelen, Berlin, 1926. 
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‘dam built of this material should have tension on both sides simultaneously, 

due to water load, is very improbable. On the other hand, it is quite pos- 
sible that an irregular distribution of the temperature, or irregular volumetric 
changes due to shrinkage, etc., may cause tensile stresses on both sides of 
‘a cantilever simultaneously, and these stresses may be of such magnitude 
that they will outweigh those due to water load and dead load. 

As far as the writer is aware, the phenomenon of tensile stresses occur- 
ring simultaneously on both sides of the cantilever was ‘definitely observed 
by the authors, for the. model only. In this case, the question enters as 
to whether an irregular distribution of the temperature was responsible to 
some degree for the unexpected results of the measurements. If, on the 
other hand, the explanation should lie wholly with some peculiar elastic or 
‘plastic properties of the model material, then the results obtained when 
using this material for model study of arch dams may be questioned. This 
point is of considerable importance, and it would seem desirable that the 
authors make an attempt to present some theoretical analysis for the explana- 
tion of the phenomenon. 

That the cantilevers in a concrete arch dam should have excessive tension 
on the down-stream face due to water load, may also seem unusual and is 
considered unreasonable by some engineers. In the writer’s opinion, how- 
ever, this condition does not seem impossible although the magnitude of the 
tensile stresses found experimentally by the authors is. rather startling. 
The so-called cantilever stresses may be looked upon as bending: stresses in 
vertical beams which are supported by an elastic medium constituted by the 
horizontal arches. It is easily conceivable that under certain conditions 
contraflexure may occur in the upper parts of the beams. This may be 
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Fic. 17.—CANTILEVER BENDING MOMENTS IN A CYLINDRICAL VESSEL SUBJECTED 
TO HYDROSTATIC PRHSSURE, My = « F(v). BS. ‘ 
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elucidated by another loading case, which is similar in principle, but which | 
is much simpler and, therefore, much more easily and clearly realized than | 
an arch dam. Such a loading case is shown in Fig. 17(a), representing a. 
cylindrical vessel subjected to hydrostatic pressure, 

The upper edge of the vessel is free like the crest of the arch dam, , 
whereas the lower edge is entirely fixed so as to make the cantilever action | 
more pronounced. Evidently, cantilever tensile stresses on the inner side | 
of this vessel could not be expected any more than on the down-stream 
face of an arch dam. Nevertheless, it is easily shown that such stresses may 
occur in the vessel under certain conditions. 

The problem of finding the stresses in the cylindrical vessel (bending 
in the vertical cantilevers and direct stress in the horizontal arches) may 
be solved, with sufficient accuracy, by a method developed by Dr.-Ing. 
Th. Péschl*, and based on the principle of least work. Péschl shows that 
the elastic behavior of the cylindrical vessel is dependent to a considerable 
degree upon a dimensionless quantity: 

me h* (1 — p?) 
re dy? 
in which (see Fig. 17(a)), h = the height of the vessel; r, the mean radius 
of the vessel; dp, the wall thickness at the bottom of the vessel; and 
p, Poisson’s ratio. p 
The bending moment in the cantilevers may be written, 


in which, a is a constant and F(x) is a function of x This function has 
been determined by Péschl for triangular, trapezoidal (d} = 0.5 dp,) and 
rectangular cross-sections, and is graphically represented in Fig. 17(b) for 
k = 10 and « = 100. | 
Fig. 17 is interesting inasmuch as it shows that, under certain conditiGnae 
considerable positive moments may occur in the cantilever, causing exten- 
sive tensile stresses on the inner face of the vessel. The writer is fully aware 
of the fact that the arch dam is different from the vessel in that the former 
has bending moments in the horizontal arches, whereas the latter has no 
such moments; but, nevertheless, the character of an arch dam (especially 
the part near the crown) is quite comparable with that of the cylindrical 
vessel. Consequently it would seem rather natural, under similar condi- 
tions, to find cantilever tensile stresses at the down-stream face of an arch 
dam due to water load. The general dimensions of the Calderwood 
(arch) Dam also imply that a minute analysis of the dam would probably 
show this tendency, under the assumption that the dam would act as a 
monolithic structure. c. 
However, as the grouting of the vertical joints in the dam probably is 
less than 100% effective, it is scarcely to be expected that the dam will act 
as a monolithic structure. The vertical elements will then, to a ereates 


2% “‘Armierter Beton”, by Th. Poschl, Berlin, 1912, p. 169. 
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xtent than otherwise, act as true cantilevers, with compression or decreased 
ension on the down-stream side, and tension or decreased compression on 
the up-stream side. A yielding foundation under the base of the dam would 
probably have the reverse effect, and thereby would cause an increase in the 
tensile stresses on the down-stream side. The. relative effect of these two 
factors depends, of course, upon local conditions. 

As indicated in the foregoing discussion, the stress distribution may also 
have been influenced by other factors, namely, temperature changes, swelling, 
shrinkage, etc. The authors state, that all time effects were excluded from 
the investigations. In this connection it would be of interest to know more 
exactly the relative dates of the closing of the dam, the filling of the 
reservoir, the taking of measurements, and the temperature variations dur- 
ing these periods. 

In Appendix I, the authors state that the material in the prototype fol- 
lows Hooke’s law very closely and that it gives the impression of being a 
very uniform product. Under these conditions the distribution of the stresses 
could not depart very much from a straight line in the upper part of a 
triangular element loaded with hydrostatic pressure up to the crest. How- 
ever, in the cantilevers of an arch dam there are several factors that will 
cause a redistribution of the stresses: The cross-section may not be exactly 
triangular; the distribution of the part of the load taken by the cantilevers 
will be far from the shape of the hydrostatic pressure; etc. The effect of 
these factors is difficult to determine; but they are of minor importance 
when the apex angle of the cross-section is comparatively small, so that the 
“depth” of the cantilevers (base width of dam) can be considered as small 
in relation to its “span” (height of dam) at any given elevation. In view 
of this the writer believes that for the upper parts of the Calderwood Dam 
the assumption of a straight-line distribution of stresses, due to water load, 
would not involve great uncertainties and, in any case, would cause far less 
discrepancies between actual and calculated stresses than, for instance, 
disregarding the stresses due to an irregular distribution of the temperatures. 


Exprep D. Smits,” Jun. Am. Soo. C. E. (by letter)”*—A clear and 
concise statement of the similarity conditions involved in the problem of 
arch dam model analysis is presented in this paper. It is apparent that the 
authors are attempting to make a model test by which the action of the proto- 
type can be predicted from the action of the model by applying a single 
factor of conversion. In attaining this result, it was necessary to violate 
some of the similarity conditions in order to satisfy others, which may have 
considerable effect on the final similarity of their results. 

In their similarity conditions, the authors state (and go to considerable 
pains to prove) that the specific gravity of the model and its loading liquid 
must be in the same proportion as in the prototype. In other words, for a 
water loading, the specific gravity of the model must be 2.4. However, the 
manner in which this much emphasized property is used is rather obscure. 


_ a Junior Engr., U. S. Bureau of Reclamation, Boulder, Colo. 
mo Received by the Secretary August 4, 1934. 
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Their results contain no reference to dead load stresses or deflections whie 
are the only stresses or deflections affected by the specific gravity of th 
structure. Theoretically, this specific gravity requirement is quite desirable, 
but in order to utilize it, it presupposes the ability to measure simultaneous} 
the dead load strains along with the live load strains as a single quantity.’ 
If this cannot be done the advantage of the specific gravity requirement 
is lost. 

In proving the specific gravity requirement the authors state a conditian 
of the principle of superposition: 

“Any increase or decrease in the loading will cause a proportional increase 


or decrease of the stresses and deflections, provided the deflections are 
sufficiently small.” 


The principle in general states that: “The resultant effect of all forces 
acting on a structure is equal to the sum of the component effects of each} 
force.” If the first-named condition holds, the stresses and deflections} 
produced in a structure by a given system of forces, is independent of the? 
stresses and deflections produced by another set of forces. To illustrate, , 
consider the section of a dam as shown in Fig. 18 (not drawn to scale), in 
which, W = the water load and D, the weight of the dam. 


\ 


Vertical Stresses 


tas 
Curve 2 - Live Load 


[. ee | ie 


Curve 3 - Live + Dead 


Fic. 18. 


Curve 1 shows the stress at the base caused by the weight of. ie struc- 
ture; Curve 2 shows the stress at the base produced by hydrostatic pressure; 
and Curve 3 shows the resultant stress, which is the sum of Curves 1 and 2. 
Curve 1 and Curve 2 are absolutely independent if the condition of super-_ 
position holds. Therefore, the stress distribution due to the water load on 


the structure is independent of the specific gravity of the material in the 
structure. 5 
This fact has been. proved by three separate expepmtnial snpodonueee of 

gravity dams on which the writer has been engaged. The models were iia 


‘ 


= 
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xf a very light-weight material, but by properly distributed external loads, 
the equivalent specific gravity was increased to 2.4 x 18.6, or 32.64... The 
live load liquid was mercury, with a specific gravity of 19.6, so that 
the specified ratio of specific gravities was maintained. In each of these 
studies, the effect of the mercury pressure on the structure was the same, whether 
or not the dead loads were applied. In these tests it was possible to measure 
the effect due to dead load only, to live load only, and to the combined live and 
dead loads. Naturally, if the total stress only is to be measured, the 
theoretical proportion between live load and specific gravity of the structure 
should be mainiained; but, if the dead. load stress can be measured as a 
separate. quantity, and the live load as a separate quantity, the experimenter 
will have considerable latitude in the selection of his model materials, pro- 
viding the similarity of the elastic properties is maintained. 


Consider a model arch dam of a scale, R = = ; with reference to the 


prototype. - The model to be used to predict the stresses in the prototype has 
a specific gravity of 2.4 and will be loaded with water. All other similarity 
conditions are assumed to be fulfilled. The ratio of stresses between model 
and prototype for dead load stresses will be: 


Dest Peee sr, Scthistheae “ior REET (16) 

R Pm 
in which, pp and pm are the specific gravities of the prototype and model, 
respectively. Equation (16) with the specific gravities of the loading liquids 
substituted, will give the ratio for the live load stresses.. Assume that strains 
can be measured from a zero or weightless condition (this involves many 
practical difficulties) so that both dead load and live load strains can be 
obtained. At a certain point assume that the strain measurements indicate 
a compressive stress due to dead load only of 10 lb per sq in. and a tensile 
stress due to live load only of 5 Ib per sq in. The stresses in the prototype 
predicted from these measurements, applying Equation (16) to the model 
stresses, will be: 


2.4 


Dead load = 10 X * x Pr — 10 x 60 X <= = 600 lb per 8q in. 
R Pm 2.4 
and, 
Live load = — 5 X 60 x25 — 300 lb per sq in. 
\ 


This gives a resultant total stress of 300 Ib per sq in., compression. 

Next, consider the same scale model as before, but loaded with mercury 
of a specific gravity of 13.6 and, in order to change the proportionality of 
‘weights of dam and loading, the material may have a specific gravity of 1.2, 
or one-half that of concrete. For the same point under consideration, by 
applying the principle of superposition, the dead load stress in the model 
will be one-half the previous value, or 5 lb per sq in., compression. By the 


fe | 
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same token, the live load stress must be 13.6 times that obtained before, on 
5 x 13.6 = 68 lb per sq in., tension. These stresses will not be referred to tha 
prototype, using the new constants of specific gravity: 


Dead load = 5 X 60 X “- = 600 lb per sq in., compression 
and, 
Live load = — 68 x 60 X a = — 800 lb per sq in., tension 
13. 


This gives a resultant total stress of 300 lb per sq in., compression, the same 
result as obtained before. In this latter case, the specific gravity requirement, 
as specified by the authors, has been grossly violated, but the stresses predict 
for the prototype are the same. 

Thus, the question of the fulfillment of a definite mint gravity require- 
ment rests on the ability of the experimenter to measure dead load stresses.; 
It is obvious that to measure the stresses in a structure due to its own weight 
is a difficult matter. Under “Measurements Made on the Model: Strain 
Measurements’, the authors state: 


“After the model was built, the zero readings, which included the dead 
load stresses, were taken. The full load readings were taken after the! 
watér load was applied. In this way the measured strains represent 
the strain or stress decrements due to water load only and correspond to the 
strain measurements on the prototype.” 


Although the reference to dead load stress given in this statement is not 
clear, it is plain that the results include only the effect of the water load.. 
Therefore, from the principle of superposition, which states the independence } 
of forces, the writer contends that the authors would have measured the? 
same strains and deflections on their model, regardless of the specific gravity! 
of the material, providing the elastic constants of their material remained | 
the same. 

If an attempt to measure dead load stresses in an arch dam model is made, , 
there are two methods which may be followed, without applying external dead | 
loads. The first method is to mount strain-gauges on the layers of majoras 
as the model is built so that they will measure the accumulated strain as th 
height of the model increases. This process would require considerable time, . 
and the accuracy of the results would be affected by: (1) Changes in. 
temperature during the time of construction; (2) the shrinkage or volume 
changes of the cementing material; and (3), especially in rubber compounds, 
by the time yield or plastic deformation of the material. Furthermore, if 
this method were used on the Calderwood model, the strain would be con- 
siderably affected by the jacking of the foundation. The second process of. 
determining dead load stresses is a reverse of the first. When all the tests 
on the model are completed, gauges are mounted on the faces of the model 
and their change in deflection noted as the model is removed, layer by layer. 
These readings will be subject to some of the inaccuracies mentioned previg 
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ously. The time effect will be less and the shrinkage of the cement will have 
become constant. The latter method was used on a rubber-litharge model on 
which the writer was engaged. 

The apparent goal of the authors was to obtain complete similitude between 
the action of the model and its prototype; but if the model is to be used as a 
step in the final design of the structure, this may not be desirable, especially 
in regard to the construction joints. High tensile stresses in any direction 
are undesirable in a dam, and the design should eliminate them as far as 
possible. Therefore, it is more useful to construct the model as a monolith 
so that no tension will be relieved by the construction joints. In this way, 
the strain measurements will indicate the areas of tension, and, if necessary, 
a re-design of the structure may be made to eliminate them. If the model 
is not constructed as a monolith, the joints will be free to open to relieve 
tension; therefore, the strain-gauges, unless they should be placed across a 
joint, would not locate these tension areas. If the gauge were placed across 
a joint, there would be a question as to how much of the deflection was an 
actual strain and how much represented a crack opening. 

An interesting comparison between two model tests which involved a check 
with the mathematical theory of arch dams was developed in the laboratory 
‘where the writer was engaged. An arch dam model was constructed of a 
mixture of plaster of Paris and diatomaceous earth and was loaded with 
mercury to determine the live load stresses and deflections. The trial-load 
method of analysis was used to determine the distribution of live load be- 
tween arch and cantilever elements which would produce the measured 
deflections. Then, as a separate experiment,” a model of the crown cantilever 
alone was constructed to the same scale and of the same material as the 
model previously tested. This model was loaded by weights with the com- 
ponent of the mercury load which was computed to act on the cantilever 
element. It was found that this load produced practically the same deflec- 
tion of the cantilever section as the full mercury load produced in the 
complete model. The slight difference was accounted for from the larger 
foundation used in the cantilever model and its freedom from lateral restraint. 
The most interesting point in this second test was that the cantilever model 
was loaded artificially by weights acting through pins in the model to produce 
‘an equivalent specific gravity of 32.64, so that the relationship specified by the 
authors was fulfilled; yet the live load deflection of this model checked 
the deflection of the complete model which was loaded with mercury only. 

To summarize this discussion a few points of importance in relation to 
model studies are offered: 

{4._In two-dimensional stress, the stress distribution is independent of 
the elastic properties of the material, providing Hooke’s law holds. There- 
fore, any elastic material ig theoretically suitable for models under two- 


dimensional stress. 


: 28 ¢ tion of the Crown Cantilever Section of the Boulder Dam by Means 
of a SRS neve sos by Charles W. Fletcher, Jun. Am. Soc. C. B.: thesis presented 
to the Univ. of Colorado in partial fulfillment of the requirements for the degree of 


Master of Science. 
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2.—In three-dimensional stress, the stress distribution is not independer 
of the elastic properties of the materials, but is dependent on the volumetr 
changes of the material under stress. This requires that Poisson’s ratio t 
the same for both model and prototype if the same distribution of stress 
to be obtained. 

3.—If the effect of external loads only is to be investigated, the specit 
gravity of the material of the model is not a factor. 

4—If the static effect of the weight of the structure itself is to 7 
measured, only the ratio of the specific gravities of the model and prototy 
need be known. 

5.—If the Combnied effect. of dead weight and external forces is to I 
measured as a single quantity, the specific gravity of the model and iti 
external loads must be in the same proportion as in the prototype. 


Eimer O. Beroman,” Assoc. M. Am. Soo. C. E. (by letter)**.— 
literature of model testing has been enriched by this comprehensive pape 
on the Calderwood Arch Dam, and the Engineering Profession is indebted t 
the authors for their efforts in making available such a complete record 
their methods and results. The testing of models of dams is a relativel! 
new field of engineering research and, therefore, it is important that t 
assumptions, theory, and methods which are proposed be subjected to careft 
scrutiny in order that their validity may be established before they a 
accepted as the basis for further work in the field. ‘ 

The first of the questions which the writer wishes to raise has to di 
with the authors’ insistence on Similarity Condition 2 which they sta 
as follows: “The ratio of the specific gravities of the material of th: 


prototype and its loading fluid, Po ,» must be equal to the same, ratio « 

Yp : 

the model, 2.” 4 / | aa 

Yn ; 

If the deflections and stresses to be determined are those due to combinee 

dead and live load, the writer agrees that this is a necessary condition. q 

would require that the zero readings be taken on a weightless dam and tha 

final readings after the weight of the dam and the water load have bee 
applied. The authors point out the difficulty of such a procedure. If 

strain and deflection measurements are to represent the effect of water dhe 


only, then the dimensional equation® reduces to: ; 


pM AC Roark oh aap es 1, We dm clung. Oem 
F me DB Om 
in which, as before, the exponent, u, = 1 and 8, = the deflection of the 
prototype; ¥’ = an unknown dimensionless function; yp = mass per. unit 


volume of the loading liquid of the dam (water); Hy = modulus of elasticity 


a 
” Assoc. Prof. of Civ. Eng., Dept. of Civ. Eng., Univ. of Colorado, Bould Colo 
2a Received by the Secretary August 6, 1934. pe 


so“Theory of Similarity and Models’, by Benjamin F., Groat, M Am. Soc. 


Discussion by A. V. Karpov, M. r -) 
(1932), p. 311. rpov, Am. Soe. C. E., Transactions, Am. Soc. C. E., Vol. 
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“in flexure, of the material of the dam; g = acceleration due to gravity; 
and 1 = length scale, so that, 
2 
peel Dae soe oye OE oA (18) 
7 E, 
and, 
pgs Tied EE 2 a aia a (19) 
; dp (lp) Yo Em 
without any requirement that Pm _. Ym, 


" Pp Yp 
-. The law of superposition may be used to prove that Similarity Condition 2 
“must be satisfied in order that correct values of combined dead and live 
load may be obtained. It can not be used to prove that the maintenance 
of the specific gravity is necessary when only live load effects are to be 
i determined. On the contrary, the law of superposition may be used to prove 


- just the opposite; namely, that any ratio of 2™ may be used in. determining 
a 
the effect of live load, as long as the condition that the deflections are small 
is not violated. ‘ 
>. A dam is subjected to two different systems of loading. One is the weight 
of the dam itself; which is proportional to the specific gravity of the 
material of the dam, and the other is the pressure of the loading liquid, 
which is proportional to its specific gravity. These systems may be com- 
-pared to a load, P, at a point, A, in a beam and a load, Q, at a point, B. 
The deflections and strains in the beam can be measured by taking zero 
readings. before either load is applied and final readings after both loads 
are applied. Obviously, in accordance with Similarity Condition 2, the 
- deflections and strains: due to P and Q could be obtained by applying 
the loads, 2P and 2Q, and then dividing the measured results by two. 

If, however, loads of 2P and 3Q are applied and; as before, zero readings 
with both loads off and final readings with both loads on the beam, are 
taken, there is no way in which the readings can be adjusted to yield 

the deflections and strains that are produced by the loads, P and Q. On the 
other hand, if zero readings are taken with both loads off, intermediate read- 

ings with the load, 2P, on, and final readings with both the loads, 2P and 3Q, 
on the beam, the effect produced by P and Q is equal to one-half the incre- 

ment of reading, due to 2P, plus one-third the increment due to 3Q. The 
argument is the same as that used in the proof of Maxwell’s theory of 
“reciprocal deflections. There is nothing unique about the action of a dam 
“that would serve to exempt it from obeying such a universal principle. 

It is difficult to see how Fig. 1 proves anything more than that Similarity 

’ Condition 2 holds for eombined loads. The diagram itself is likely to be 
misleading. The area between the solid line, AB, and the dotted line, AB, 
represents the vertical stress at. the foundation line due to an unstated per- 
centage of the dead load. If the vertical distarices between the two curves 
are plotted ona horizontal base line, the curve shown in Fig. 19 is obtained, 


q 
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This would indicate that the dead load weight of the dam produces tension; 
along the down-stream part of the foundation line, which is unusual to say, 
the least. 


Fig. 19. 


The writer also questions the validity of the second reason for consider: 
ing the relative weights of the loading liquid and the dam material. Pro: 
vided the deflections remain small, it would seem that doubling the density 
of the material in the dam would cause a uniform 2:1 increase in tha 
foundation reactions along the entire periphery of the dam. 

The third reason seems to be well taken. However, the same change fro 
tension to compression may occur when there is such a marked increase i 
Poisson’s ratio as that from 0.15 to 0.50. 

The authors next make the statement (see “Conditions Governing the 
Properties of the Model Material”) that, 


“The only conclusion that can be derived from a model of a gravity dam: 
in which the ratio of the specific gravity of loading liquid to the material 
is many times higher than in the prototype, is that every gravity da 


will fail.” 
By what process do they arrive at such a conclusion? 

To the ten specifications for a material suitable for constructing a model! 
should be added the requirement that the relation of the tensile strength t 
the compressive strength should be the same as for concrete. This require-: 
ment is of major importance. 

The authors do not give sufficient weight to the condition that the valuee 
of Poisson’s ratio should be the same for the material of the model and the 
prototype. Such easy acquiescence in regard to a factor of major importance: 
is not in keeping with their insistence on the maintenance of the specific- - 
gravity ratio. It is true that a small divergence might be passed over as: 
insignificant in its effect on deflections and stresses, but can such a difference: 
as that between 0.15 and 0.50 be passed over lightly? Moreover, it should | 
be noted that a material with a Poisson ratio of 0.50 presents a special case. 
For such a value of the Poisson ratio the material deforms with no change 
in volume, so that if it is compressed at one point, it must expand at another. 
The deflections, stresses, and strains in a model built of such a material. 
will differ markedly from those in a model built of a material that will 
undergo considerable change in volume under load, except perhaps for a 
dam of thin section. It seems doubtful whether reducing the strains in 
a rubber model to stresses by using a value of Poisson’s ratio of 0.15 will 
give stresses that are even indicative of those in the prototype, as the authors 
suggest in connection with Figs. 11 and 19. 

_ In connection with the “Uncertainties of the Dam Proper,” it is stated 
that the time interval between the placing of the concrete and the applica- 
~ 
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‘tion of the water load causes rather high internal tensile stress to be 
developed in the blocks of the prototype. Furthermore, the authors state 
that when the water load is applied, the blocks undergo a contraction under 
compression which is greater in a block that has a preponderance of internal 


tensile stress than in one without such stress. Will the authors explain 


these statements ? 

Tn testing the model an unknown factor was introduced by the jacks that 
were used to change the position and shape of the model and its foundation. 
The jacks were adjusted until deflection readings at a considerable number 
of stations were obtained, which corresponded closely with the deflections 
measured on the prototype, as shown in Fig. 8(c). Tt is then assumed, at 
least implicitly, that a reasonably close correspondence will exist between the 
strains and stresses in the model and in the prototype.” It is interesting 


to check the validity of such an assumption when applied to a simply sup- 


ported beam. Cénsider a beam, A, loaded with a total uniformly distributed 
load of 5 600 Ib and a similar beam, B, loaded with a central load of 3 500 Ib. 
The ratio of the deflection of Beam B to that of Beam A is 1 at the center 


4 5 j : i 
_ Tine and = at the quarter-points, while the ratio of the extreme fiber stress 


is 2 at the center line and > at the quarter-points. If loads of 3 200 lb are 


placed at the quarter-points and a load of 1300 lb at the center line, the 
deflections are the same as those of Beam A at the quarter-points as well 
as at the center line; but now the ratios of the stresses in Beam B to those 


in Beam A are = at the center line and 7 at the quarter-points. Evidently 


corresponding deflections at five points along the beam do not pro- 
duce corresponding strains and stresses. There must be correspondence at a 
sufficient number of points in order that the loads on Beam B (model) shall 
become approximately equivalent to the load on Beam A (prototype). 
Whether the number of points shown in Fig. 8(c) is enough to insure 
reasonable correspondence of strain and stress values between the model 
and its prototype is at least debatable, particularly in view of the lack of 
agreement shown in Figs. 11 and 12. 

The sum of the horizontal and vertical strains at a point is equal to the 
sum of the strains in the 45° and 138° directions. This relation may be 
applied to the data in Table 2 to check their consistency. Deviations may 
arise from the fact that the measured strains are the average over the gauge 
line instead of the strain at the point where the gauge lines intersect, and to 
instrumental and personal errors. Table 2 shows reasonably good agreement. 
The agreement is better in the model than in the prototype. 

With regard to Conclusion (7), the writer believes that a material com- 


posed of a mixture of plaster and diatomaceous earth and having a low 


1 See the authors’ discussion of a similar case in “Actual Deflections and Tempera- 
tures in a Trial-Load Arch Dam”, by A._T. Larned and W. S. Merrill, Members Am. Soc. 
C. E.; Discussion by A. Vv. Karpov and R. L..Templin, Members Am. Soc. C. E., Proceed- 
ings, Am. Soc. C. E., December, 1933, p. 1645. 
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modulus of elasticity is a better model material than rubber, because its; 
strength properties resemble more closely those of concrete. The chief ad-- 


vantage of rubber as a model material is that it enables strain measuseMmenss | 


a 


to be made on the up-stream face. ay fiog 


Dr. Ina. E. Propst” (by letter)**.—The intention of the authors to check : 
the theoretical bases of the design of an arch dam by the use of. a model is | 
remarkable in many respects. During recent years a number of measure- 
ments have been made on small. and larger models of different proposed 
structures. There are fields, however, in which no direct conclusions can be 
made based on such tests. Dams belong in that field because they represent 
structures, the design of which is influenced by the ground conditions to 4 
much greater extent than any other kind of structure. The model can’ not 
represent, properly, the condition at the base and abutments of the dam. 

In their Conclusion (1), the authors state that a design based on’ the 
assumption of non-yielding foundations does not come close to the actual 
conditions. » Differences between the elastic properties of the bed-rock and 
the material of the dam will change the stress distribution at the base, and 
that change will increase with the increase of the height of the dam; but the 
same conclusion can be reached by theoretical considerations. 

If, in order to make possible improvements in future designs, it is 
intended to determine the over-stressed and under-stressed parts of the dam, 
then the representation in the model of the connections between the dam 
and the abutments is of particular importance. 

The most formidable difficulty in designing the model is the choice of the 
material, which should have properties different from those of the prototype. 
The relatively smaller scale of the model makes it impossible to use the same 
material as in the prototype. The elastic properties and the strength of the 
concrete are influenced to the greatest degree by the ratio of the different _ 
ingredients; these conditions cannot be properly represented even in a large 
sized model. c 

_ Even if it is perfectly mixed and placed, concrete is non-uniform due to 
the non-uniform distribution of particles of different size. It can be stated 
that in not a single vertical cross-section. of a dam is concrete uniform from 
the top to the bottom, even if its composition is the same. If the attempt : 
is made to simulate such a complex substance by substituting a uniform 
material in the model, the conditions of the model will be quite different 
from those that would be necessary to. represent the actual dam. This dif- 
ference will be in addition to that due to the impossibility of representing, ; 
properly, the conditions at the abutments, These considerations and the circular — 
shape of the horizontal cross-section seem to be responsible for the non- 
uniformity of the horizontal stresses measured on the model. The distribution 


of horizontal stresses could be improved or could be made uniform by chang- 
ing this shape. 


_ * Karlsruhe, Germany. ; "T-Lals 


** Received by the Secretary July 10.1984. Sey: : : 
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Quite properly, the authors state in Conclusion (5) that to design an 
arch dam neglecting gravity action will result in an unwarranted increase 
in the thickness of the arch at the abutments; furthermore, the evaluated 
stresses will be quite different from the actual ones. 

-. The authors compare the measurments made on the model with those 

“made on the prototype. In many cases, the deflection measurements may be 
of some value as.an addition to the strain measurements as, for example, in 
bridges ‘or in structures in which the measuring apparatus is influenced by 
climatic conditions to a less degree than in dams. The writer knows of cases 
of deflection. measurements on dams which, due to such influences, ap- 

peared so unreasonable that they could not be used. Furthermore, all the 
deflections were so small that, in many cases, even with the greatest possible 
precision, the small deflection changes could. not be determined. 
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- The influence. of climatic. conditions is most pronounced. if the strain 
measurements are made at the faces. of a. dam as.was the case in 
the measurements made by, the authors. Such measurements cannot dis- 
close the strains and stresses within the dam. Even if the measurements made 
at. the faces gave the proper values of the strains, these measurements could 
not be used to support conclusions regarding the actual stresses in a cross- 
section of the dam. 

All efforts to increase current knowledge concerning the bases of design, 
necessarily will lead to the necessity of making measurements on the struc- 
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ture itself. Of course, such measurements must be carefully planned based 
on previous experience. They must be painstakingly accurate, from the 
beginning of the construction work and must be continued as long as pos- 
sible after the dam has been put in service. Such measurements can be 
made only from a distant reference point so arranged as to eliminate the} 
influence of the weather on the measurements. . 

If it is intended to form a picture of the deformations and stresses within | 
the dam, measurement methods must be used that will disclose the influence} 
of all forces within the thickness of the structure. Besides the influence that ; 
is due to the outside and inside temperatures, the stresses at each point j 
will be influenced to a considerable degree by the change in moisture con- 
tent, due to the continuous setting of the concrete. 

A detailed report of such measurements made on the Bleiloch Dam, in 
Thuringen, Germany (207 ft high), has been presented by the writer else- 
where.” At a depth of 197 ft below the crest of this dam, thirty telemeters 
were inserted at ten stations. Some new data on this subject are shown in 
Fig. 20, with supplementary information concerning temperature measure- 
ments, as follows: 


Time elapsed, in 


Curve No. Date of years, since date 
(see Fig. 20) measurements of first measurement 
SE Sat ick Th May 15)°1931.22% s.'neot a Me 0.0 
MDGS cht choca ues Secu October 410, A932 ee eee 0.5 
RIAs cyoccie eee ALDER OD MOSS accuses careek Cae 1.0 
PV re eee eee November 7, 1932................ #. 
Vitti. Ae ae May Bil Voc ceeh,..-. tees he se 2.0 
Niisecci abs aro wee November 6, 19383 ................. 2.5 
VLE Soe at ae iets bee May 24,1984 s,s... tees ondele des 3.0 


- 


The strains, measured 10 ft above the ground-line joint, show that the changes 
in strain due to temperature influences are such that no conclusions can be 
drawn about the strains inside the dam, based on measurements made on _ 
the surface. It was shown also that the final conditions in a cross-section 
were not arrived at three years after the beginning of the construction and 
nearly two years after the dam was put into service. The final conditions 
will be reached after some time that depends on the thickness of the dam ; 
but no matter what the conditions, no proper conclusions can be drawn 
concerning the distribution of stress inside the dam based on measurements. 
made at the face. } 
The best guaranty of a safe and economical design is to create condi- 
tions under which the design assumptions can be controlled clearly and 
simply. This objective can scarcely be accomplished by model studies, 
Comparative measurements on the actual structure should not be limited 
to surface measurements since the distribution of deformations throughout — 
the cross-section are of the utmost importance as far as the value and loca- i 
tion of the unfavorable or objectionable stresses are concerned, 
Based on these considerations, the writer would like to suggest that, in 
the future, measurements be made on each large dam instead of on models, : 


83 First International Conference on Dams, Stockholm, Sweden. ’ j 
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AN APPROACH TO DETERMINATE 
STREAM FLOW 


Discussion 


By Mgssrs. C. H. EIRFFERT, AND CHARLES S. BENNETT 


C. H. Errrert,” M. Am. Soo. C. E. (by letter)"*—That the field of study 
along the line of correlating rainfall and run-off data is far from exhausted, 
_is amply demonstrated in this valuable paper by Mr. Bernard. The author 
admits that his method has limitations and states in his conclusion what he 
hopes it may do. 

The writer would like to be able to believe that river discharges may be 
calculated by formula and that regional coefficients may be developed for such 
a formula, but to the present time his convictions point to quite the contrary. 

Stream-flow or run-off formulas should be most valuable for use on drain- 
age areas for which records are not available, or are few. If records are 
scarce, however, it will be difficult to arrive at the proper coefficient or formula 
for that region, and, therefore, the solution will be extremely uncertain. 
Furthermore, the time of year or season, will cause a great variation in run- 
off due to the changes in the capacity of the ground to absorb rainfall. For 
instance, in the Miami Valley, the run-off from two very similar 1-day rains 
has varied from 1.25% to 114% of the rainfall. 

The writer has not made any extensive use of Sherman’s unit-graph 

method, but believes that the same statement would apply; that is, if records 
are scarce it will be difficult to arrive at the proper unit graph, especially if 
4-day rainfalls from Weather Bureau records are used. Such rains sometimes 
are spread fairly uniformly over 24 hr, but often they occur in one-half as 
‘many hours, or less. 

Of course, it must be acknowledged that no run-off figure can be arrived 
at without some kind of calculation; but in the last analysis the calculations 
that most nearly approach the correct result will contain a factor which . 
depends largely on the engineering ability and judgment of the calculator. 


ae 
Norn.—The paper by Merrill M. Bernard, M. Am. Soc. C. E., was published in Jan- 
uary, 1934, Proceedings. Discussion in this paper has appeared in Proceedings, as fol- 
lows: March, 1934, by C. S. Jarvis, M. Am. Soc. C._E.; April, 1934, by LeRoy K. 
Sherman, M. Am. Soe. C. B.; and May, 1934, by W. W. Horner, M. Am. Soc. C. EH. 
129 Chf. Engr. and Gen. Mgr., The Miami Conservancy Dist., Dayton, Ohio. 


196 Received by the Secretary July 23, 1934. 
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The best method of attack is through a more thoreush and sae study of 
rainfall intensities and frequencies for the reason that rainfall records are 
much more voluminous than run-off records. 

While engineers are using available records they should concentrate their 
efforts upon making these records better and more complete in the future. 
It is true, as stated by Mr. Bernard, that certain unavoidable sources of error 
must be recognized and accepted in using Weather Bureau data. Certainly, 
the engineer must recognize them and make the best possible use of the 
material, but he should not let it go at that. He should exert all possible 
influence to induce the Government and other departments collecting such 
information to make it more adaptable for the use of engineers. Considerable 
can be done along this line without necessarily increasing appropriations. 
Through better co-operation and co-ordination of data the various Federal 
Bureaus could make their records more useful to the Engineering Profession 
without limiting or reducing their usefulness for other purposes. Such 
matters as making time of readings unifotm, obtaining better information on 
time limits of rainfall, and peak discharges of streams, instead of only the | 
24-hr maximum, should be easily adjusted. There are other condidtions that 
could be improved, such as the duplication of gauges by different departments, 
the breaking off of old records and the starting of, others, and the more 
effective interrelated distribution of the Weather Bureau, Geological Survey, 
and Army stations. 

Another fruitful line of study should. be that of time of: concentration on 
various sizes of drainage areas. Few data are: available. on. this subject, 
except for metropolitan areas. This information will become available, of 
course, if rainfall periods and peak discharge are properly timed, measured, 
and recorded. 

While studies such as those by Mr. Bernard ought to be dadoubalinds it 
must be remembered that nothing can take the place of adequate records. — 
Engineers should be right “on their toes” to see that the errors or deficiencies” 
of the past are not perpetuated. \ 

Cuarues S. Bennett,” M. Am. Soc. C. E. (by letter)”**.\—Great ingenuity 
and much patience are evidenced in the work of Mr. Bernard in developing 
the approach to determinate stream flow in this paper. The writer is im-_ 
pressed with the logical development of the plan for constructing the 
“pluviagraph” and the “distribution graph”, and is of the opinion that if — 
basic data were available the method would be of great use to nyceouligs 
engineers. 

Unfortunately, there are serious Bctubiventn The rainfall oye ‘of the 
U. S. Weather Bureau, while complete in a quantitative sense, does not 
permit of selection of rainfall intensities of less than 24-hr duration, In — 
most instances, there is no way of determining whether a given, 24-hr. q 
percipitation occurred in a few minutes, or was distributed over a period — 


*'Engr., The Miami Conservancy Dist., Dayton, Ohio. : 
#4 Received by the Secretary July 21, 1934. " . 
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of hours. As pointed out by Mr. Bernard, this is a serious drawback in 
selecting data for the construction of the basic graphs. 

The determination of the “water-shed factors” presents practical diffi- 
culties. So many coefficients need to be determined, each of which depends 
_ largely upon the trained guess of the computer, that a mathematical solution 
of the equation for determining this factor, U, seems to the writer to be 
wasted effort. » . Tea e wer 

The application of the method seems limited to streams upon which 
some previous flow records, including flood flows, are available. This will 
eliminate the use of the method for many streams. 

In the present state of the science of applied hydraulics and meteorological 
observations, much time would be saved (and likewise laborious calculation) 
by using simple direct relationships, based on data at hand and judgment, to 
_ determine such estimates of stream flow as are necessary for the solution of 
a given problem. 

These criticisms are not intended to deprecate the value of such 
_ painstaking research as have been done by Mr. Bernard and numerous other 
engineers who have been working on the problem of devising means of 
determining run-off. Great credit is due those who have led the way in 
attacking the problem. However, many factors involved are indeterminate, 
- and this should be fully recognized by those who attempt to apply the 
| various methods to specific problems. nut 
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DISCHARGE FORMULA AND TABLES 
FOR SHARP-CRESTED SUPPRESSED WEIRS 


Discussion 
By W. BRUCE McMILLAN, M. Am. Soc. C. E. 


W. Bruce McMiuan,’ M. Am. Soo. C. E. (by letter)**—This paper again 
brings forth the important subject of measurement of water by weirs. The 
sharp-crested suppressed weir is the type that may be most readily standard- 
ized for more precise measurements. If the conditions under which the 
experiments are made, are duplicated, or made standard, the formulas that 
represent these experiments accurately may be said to be precise, as limited 
by the accuracy of observation. 

The writer has derived a tentative formula by curve-fitting to substantially 
the same experiments (Series D to P) as those upon which the paper is 
based? and has arrived at a form similar in general to the Rehbock formula. 
This same general form may be reduced from the author’s formula. Equa- 
tion (19) may be expressed as follows, 


3 
z 2 


The first bracket may be represented by: 


HY = 0.9812 + 2-987 4 9.01200 7 
H H 


and the second bracket by: 


H 
[1.0195 (10)<}7 = Ex nm | 
Pie 


poe saasee Hf Of eee | 
ae 3.276 [ (2) | t.0105 aor. oy 


Substituting in Equation (32) and expanding (1.017)% by the binomial 


theorem: 


3 
z 


Q 0.02405 0.0934 \” 
3.212 4. ae 0.00408 | et es 
8. ( + 0024085 )( eee ) (38) 


Notr.—The paper by C. G. Cline, Esq., was published in Januar , 1934, Proceedi 4 
Discussion on this epee appeared in Proceedings as follows: ieee 1934, by Sue %: 


Draffin, M. Am. Soe. C 

8 Cons. Engr., Palo Alto, Calif. 

8¢ Received by the Secretary July 20, 1934. 

2“Precise Weir Measurements”, by E. W. Schoder, M. Am. Soc. C. E. 
Kenneth B. Turner, Esq., Transactions, Am. Soc. C. E., Vol. 93 (1928), p. 369. 
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_ Expanding by the binomial theorem again and casting out the smaller terms: 


3 
2 


Q 0.02405 0.30 
= 3.212. +: 0040 ep beat 34 
LH H +( 5) Mf) 


Equation (34) is shown to complete the conversion, but it is not accurate. 
The studies leading to the writer’s tentative formula, ‘ 


Q 0.021 0.31 
CaO y ee Sapte .0.105 + 
L Hi 5 H a ( os a 


were refined and were adjusted somewhat in deference to the author’s deter- 
mination by least squares, but with deliberate deviation in the case of the 
highest and lowest weirs for better accord with the experimental data (see 
Fig. 4). The writer’s revised formula is: 


Je MT ae (cost Sg 
H Pp 


‘LH 


Oder-Turner 


Sch 


of 


/ 


P=Height of Weir in Feet 


ie} 0.5 1.0 1S 2.0 
H =Head in Feet 


Fie. 4.—Purcentacs DiscHarcn BY HQUATION (35), GRHATBR OR 
Less THAN CLINE AND REHBOCK FORMULAS. 


In order to compare it with the Bazin and Rehbock equations in the form 
given by the author (Equations (3) and (4)), Equation (35) is expressed as: 


@ - 2 | oeo3 + 2085 + ( 0.0151 + o06se ) | Og HE. .(36) 
L 3 H Pi ° 
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Equation (33) gives values of “ almost identical with those by the 
L Hi? 

author’s formula. Equation (35) is preferred for greater simplicity in com- 

putation as well as being in a more nearly rational form. Fig. 4 shows ie 

percentage deviation of Equation (35) greater or less than by the author’s 


i 
é 


and the Rehbock formulas. Fig. 5 shows a comparison of the same formulas 


Equation 35 With Term: 
0.0222 ql) 
H 200 


0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 
Head on Weir in Feet 

FIG. 5.—COMPARISON OF EQUATION (35) WITH CLINE AND REHBOCK FORMULAS 
FoR EXTREMELY LOw HB#ADs. 


for weirs 0.50 and 7.50 ft high, for extremely low heads. A curve is also 
‘ a A 
shown for Equation (85) with an additional factor, E pael Ge , asa 


200 
te 0.0222 ‘ _ 
multiplier to the second term, are . This factor forms an end point to 


the curves, where the nappe adheres, and follows the experimental data 


better for heads less than 0.06 ft; but aside from this it is a matter of 
interest rather than utility. The conformity of the curves of Fig. 5 is 


shown by comparison with the curves published by Schoder and Turner, 
showing measured discharge. 


The generalized Francis formula, 


Speier ah\i (ahi + ae | 
alr e[ (1 dc ) — N02 g Hb bs as on (87) 


is the fundamental form from which most, if-not, all, weir formulas are 
® Transactions, Am. Soc. C. E., Vol. 93 (1929), Fig. 11, p. 1029. 
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derived and may be shown to be the genesis of Equation (35). Eliminating 
the second term within the bracket, Equation (87) may be expressed in very 
general terms, 


ts efi tsapr|Neom+a+e Palas (38) 


‘By a process of curve-fitting and solving for the constants, together with 
consideration of the studies leading to the original formula and Equation 
(35), the following is obtained: 


CR O068s HN fo 
Q _ 4 «602)(1 4+ = ) AV 29 Hi 4+ 0.081 Hi + 0.0222 Hi 
5 ; ( ) ( ac ) g Hi + a= 
or, : 
Q |, 0.0683 H \# 0,0222 
= 3.222 | 1 + —— 0.081 H ———_ 1.25.5 39 
L H? ( pee ) " S H ( 
Through expansion of Equation (39) by the binomial theorem the form 
of Equation (35) is obtained. The second or third terms, or both, might be 


included in the bracket to the 3 power, and the inclusion of these terms was 


tried with resulting expressions which followed the experimental data quite 
as well as Equation (39). Professor Rehbock suggests including the term 


corresponding to as , ascribing this factor to be attributable to 


capillarity.” As shown subsequently, if this term is maintained outside the 
bracket, it appears in a form which suggests a crest condition controlled by 
sub-atmospheric pressure. It is probable that this term is more rational out- 
side the bracket. The term, 0.081 H, is also probably more rational outside 
the bracket since it is independent of velocity of approach. 

Equation (39) gives values of the coefficient within a fraction of a per 
cent. of those determined by Equation (35), except for low weirs where the 
values increase in somewhat the same manner as do those of the author’s 
formula, but not to the same degree. Although Equation (89) is more 
rational, Equation (35) is preferred for simplicity of computation. 

‘Equation (85) may be expressed as: 


nt 3.222 H? + 0.0222 H? + 0.081 H? + 0200 (FE) ....40 
L JP 
This form reveals a combination of simple elements of flow which may be 
dissected and analyzed. It may be noted, in passing, that Equation (40) 
lends itself to facility in computation through the use of commonly published 


tables of squares and the =and = powers of numbers. The first term, 


gq, = 8.222 H?, is the theoretical or ideal discharge over a weir ‘of unit 


width in the familiar form of the Francis formula without velocity of 
approach, and is the principal term. 
10 Transactions, Am. Soc. C. B., Vol. 93 (1929), Hquations (15) to (18), pp. 1148-1149. 
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The second term, g. = 0.0222 H3, is the theoretical discharge through an 
orifice under a head, H, and may be expressed as gq. = 0.00277r/ 2g H, 
which represents the discharge of an orifice, or a 0.00277-ft, or 3)5-in., slit 
of unit width, without contraction or friction. This term accounts for an 
increasing value of the coefficient for heads decreasing from 0.20 ft (see 
Fig. 5). The term is apparently most affected by the top thickness and by 
the sharpness of the crest and, no doubt, to some extent by the condi- 
tion of roughness of the up-stream face of the weir close to the crest. This 
is indicated by tests of Walker and Weidner“ and may be explained by 
the condition of sub-atmospheric pressure between the top of the crest and the 
nappe, induced by the velocity of the water at this point, and a function 
of H?, This reduced pressure and consequent orifice action becomes increas- 
ingly effective with an increase in thickness of the top of the crest. 

The third term, g; = 0.081 H?, represents the theoretical discharge with- 


: says : 2 b A 
out contraction or friction over a triangular weir of constant 7 per unit 


width, in which, = 0.0379 in the familiar formula, g, = + v25 (2) Hi. 


The fourth term is the theoretical discharge without contraction or fric- 


tion over a triangular weir, in which, == — ,» in the formula, 


= =a 29 g (2 )m, and accounts for what is ordinarily referred to 


as velocity of approach. 

These elements of the formula may be represented graphicafly (Fig. 6), 
to show a hypothetical distribution of velocity in the nappe. These are not 
necessarily the actual velocities, but the assumption that they do occur 
provides an insight to the mechanics of flow over sharp-crested weirs. The 
third and fourth terms representing discharge over triangular weirs are 
shown on Fig. 6 to be equivalent increased velocities as measured by the 
virtual triangular area, to give the same discharge. The parabola, OAX, 
represents the velocity at any point at which, v = 0,602 4/2gy, and the area, 
OAXY, represents the discharge, gq = 3.222 Hi, The curve, OB’Y, is the 
hypothetical increased velocity due to the third term, 0.081 Hz, and OBX 
is the distribution of velocity due to this term and likewise the distribution 
of velocity when the height of the weir is great, at what is usually referred 
to as “zero velocity of approach”. The curve, OC’Y, is the increased velocity 


H 3 
due to the fourth term, 0.340 (VS) , and OCX is the distribution of 


velocity due to the third and fourth terms, in which, P = 0.50 ft, the curves 
being based on H = 2.0 ft. The area, OCXY, represents the discharge 


according to Equation (40) or Equation (35), neglecting the term, 0.0222, 


’ 


4 Transactions, Am. Soc. C. B., Vol. 93 (1929), p. 1046, Fig. 26. 
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which is nominal for a head of 2 ft. The velocity distribution is hypothetical; 
but the form is suggestive of the forces that act within the jet. Curve OBY 
for a weir of great or infinite height suggests the effect of the factor of 
curved flow, or the inertia of the stream filaments in curved flow, with 


2.0 
<4 
255 
1.6 
Rc} 
» 
xo 
= 
2 12 B’ cy} A\\B G 
° yi ae 
= 
= g pane 
vy Ul] S 
Co) Qa, x 
3s 0.8 -) 
© x 
> 
0.4 
0 Yi xX 
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Values of v =0,602V2gH 
Fig, 6.—- HYPOTHETICAL DISTRIBUTION OF VBLOCITY IN 


Nappn, Hquation (40). 

- special reference to the upward direction of the contraction filaments at the 
crest. Curve OBX is the form of distribution of velocity that would be 
expected rather than the parabolic distribution, OAX. Curve OCX for a 
weir of height, P = 0.50 ft, with greater velocity of approach and velocity 
of the filaments within the jet, indicates the effect of curved flow to be more © 
pronounced. It would appear that this manifestation of velocity of approach 
does partly, if not entirely, obliterate the effect of the velocity head in the 
velocity of approach as it is accounted for in the Francis formula, the Fteley 
and Stearns formula, and in formulas of the Bazin type, including the 
‘Frese, Swiss Society, and King formulas. 


2 
The velocity of approach factor, 1 + B (45) , in the formulas of the 
Bazin type, is derived from the generalized Francis formula (Equation 
37), omitting the term, — (22). Expanding by the binomial theorem, sub- 


Chat 
29(H + P)? 


, and assigning a derived and definite value 


stituting h = 


f Nd pe Ee | 
; t 


7 
1046 MOC MILLAN ON DISCHARGE FORMULA FOR WEIRS Discussions 


to a and O, or a C’, within the bracket, results in the formula, 


H 2 
ein fs +6 ela) 


in which, C = ( 3.248 + 0.079 ) in the Bazin formula and in various 
H 


forms for others of the same type. As a matter of fact both a and C vary 
as a function of H and P and the writer’s attempt to formulate these values, 
based on the Schoder and Turner measurements, has led to Equation (39). 
Casting out a small term involving an error of less than 1%, the Bazin 
formula may be expressed as: 


Q_ — 3.248 +908 4 | AH | Fea Pena (41) 
L Hi H (H +: P)? 
A ( 86 A ee ; nape tes, h 
If the envelope of the factor, y = —~———-—., is substituted in its place, the 
(H + P)? 
modified formula will read: 
elo Face ta per OTD RT SE ee ee (42) 
L H3 H P 
The similarity to the Rehbock formula and Equation (35) is apparent. By — 
introducing the factor, v4 HP the Bazin formula is expressed in a dif- 
H+ P) 
ferent form: 
—2_ — 3.048 + 0.079 + 0.447 | #2, |. 1 Re (43) 
L H? BUH oe) 


When ois unity in Equation (48), the factor within the bracket becomes 


unity and Equation (48) is identical with Equation (41). Furthermore, 


_ when H = P the factor, sz , is a maximum, which accounts for the 


Hat Py 
point of inflection of the Bazin curve and others of the same type (see — 
Fig. 2, for P = 0.50 ft). This is also the point of common tangency of the — 
curves for Equations (41) and (42). Due to the fact that formulas of © 
the Bazin type show this inflection while the experimental data show, if any- 
thing, a continued curvature or increase of coefficient with head (accounted — 
for in the author’s formula and to a lesser degree in Equation (39)), it 
would appear that formulas of the Bazin type, involving the velocity of 


2 
approach factor, [2 + 6 (4) |e incorrect. 
H+ P . 

It has been advocated many times, and again by the author, that a — 
standard design of suppressed weir be adopted. This is important with 
reference to the control of the distribution of velocity in a short channel 
and particular study should be given to the design of a simple means of 


ede ie 
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inducing water in a natural way to a short approach channel if it is not 
possible to obtain an approach of a length sufficient to insure axial undis- 
turbed flow. A'standard distance of point of observation of head becomes 
increasingly important in the case of high ratio of head over height of 
_ weir, due to the water surface draw-down of. what approaches the hydraulic 
drop at the end of a horizontal flume. <A standard crest of specific top thick- 
ness can readily be duplicated, but there should be no question as to the 
sufficiency of ventilation beneath the nappe. 

The writer has presented several formulas and suggested variations, 
resulting from three separate studies in derivation. They all reduce most 
naturally to the general form of Equation (35). This formula, as well as 
the author’s formula and tables, may be applied with confidence for general 
use. If a high degree of accuracy is required the crest must: be truly sharp 
and .%, in. thick at the top” and the approach channel and means of induc- 
tion of water should conform to that used by Schoder and Turner. How- 
ever, the importance of the duplication of approach conditions may be 
~ overstressed, due to the fact that the water in a normal unobstructed channel 

tends to adjust itself to a natural regimen on approaching the jet. Inspec- 
tion of Fig. 4 shows the close conformation of Equation (35) to the Rehbock 
formula for low weirs. The Rehbock formula is based on careful and com- 
prehensive experiments on weirs from 0.41 ft to 1.64 ft high under 
comparatively low heads, up to 1.362 ft. Reference to Fig. 2 for P = 0.5 ft, 
shows the Rehbock formula meeting the experimental data as well as, if not 
better than, the author’s formula. 
The Schoder and Turner experiments and the formulas based thereon 
show greater discharge for high weirs (low velocity of approach) than any 
~ of the recognized formulas. These older equations have been extrapolated 
for use not supported by tests. It would appear that it has been the prevail- 
jng supposition that high weirs under little or no velocity of approach, 
under substantial heads, discharge according to parabolic distribution of 


velocity in the jet—that is, simply at the : power of the head. It is indi- 


cated herein that the distribution of velocity is reasonably not parabolic 
and that, due to the action of centrifugal forces in curved flow, the weir 
discharges an extra quantity above that accounted for by parabolic distribu- 
tion, determined here to be measured by the term, qg = 0.081 Hz. The pos- 
sible eccentric approach conditions which may have existed in the run of the 
Schoder and Turner experiments would be less effective for high weirs with 
concomitant lower velocity of approach than for low weirs under the same 
head, and it is reasonable to suppose that the experiments for high weirs 
are inherently the more accurate. These experiments, complete and com- 
prehensive in range, must be presumed to be correct, at least until they are 
proved otherwise. The explanation of failure to conform to the recognized 
formulas is reasonable, and the formulas presented herein are properly sub- 
stantiated for high as well as for low weirs. 
12 Transactions, Am. Soc. C. H., Vol. 93 (1929), Fig. 8 (Series D to P), p. 1007. 
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Discussion 


By Mgssrs. RALPH A. TUDOR, LEON S. MOISSEIFF, 
AND A. A. EREMIN 


Ratpn A. Tupor,? Assoc. M. Am. Soo. OC. E. (by letter)**—The complete 
and accurate analysis of a large suspension bridge tower is an unusual 
problem and one much more difficult than at first might appear. It is essen- 
tially a tall slender column braced in one direction only and subject to 
enormous vertical loads at its top, which are more often than not. acting 
eccentrically. In addition, horizontal wind loads must be considered and 
only by comparison with the great vertical loads do they seem small. 

The analysis of the tower legs for supporting the vertical loads and for the _ 
necessary bending longitudinal with the bridge has been more or less standard- 
ized, as described in Mr. Ellis’ paper. However, the effect of the participation 
of the bracing with the legs in supporting the vertical loads, the effect of the 
transverse wind loads on all parts of the tower, and the magnitude of second- 
ary stresses have not often been considered in detail. The method presented 
by Mr. Ellis, and his use of the geometry of a Williot diagram covers this 
phase of the problem and should give results very near the truth. Of great © 
importance is the fact that the method considers, simultaneously, primary 
(including participation) and secondary stresses. In this manner, allowance 
is made for the full effect of one on the other without subsequent corrections. 

It is unusually interesting that, while Mr. Ellis was finding necessity “the — 
mother of invention,” the analysis of another suspension bridge tower was 
proceeding elsewhere. The same vexing problems were recognized, and a 
solution was effected which is fundamentally very similar to that already — 


Notp.—The paper by Charles A. Ellis, M. Am. Soc. C. E., was published in Jan 
1934, Proceedings. This discussion is printed in Proceedings in Sider that the vide . 
expressed may be brought before all members for further discussion. — i , 
? Senior Designing Engr., Bridges, State Dept. of Public Works, San Francisco, Calif. : 
76 Received by the Secretary March 14, 1934. ‘ 
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‘presented. The tower differs in architectural detail in that» it is braced 
throughout its entire length, except through the roadway portal, by a system 
of double diagonals. 

Referring to Fig. 15(a), it can be seen that a portion of the tower fabri- 

-eated as shown by the solid lines will be deformed into some such shape as 


Ym— Yn = Ymn 


M ~ (b) 
Fig, 15. 


that shown by the dotted lines when the loads, P, are applied. The elastic 
_ shortening of the legs under load will decrease the vertical length of the 
panels and will require a reduction in the length of the diagonals. This 
action will place stress in the diagonals and the horizontal component of this 
stress will be resisted by bending in the tower legs or stress in any horizontal 
that may exist. Any external horizontal load will create a new stress balance. 
When the problem was first encountered it seemed that any solution must 
be based on the elastic features of the structure, and it was on this premise 
that a method was developed. The unknowns were the horizontal and vertical 
(X and Y) components of the movements of the joints. All stresses were 
expressed in terms of these unknowns and equations of stress balance set up.. 
Refer to Fig. 15(b) and consider any member, such as MN. The unknown 
- components of the movement of Joint M are Xm and Ym, and those of J oint NV 
are X, and Yn. The horizontal component of the length of the member will 
change by an amount (Xm — Xn) = Xmn, and the vertical component by an 
Rmount.(Ye — Ya)e= Lani the slope of the member, ¢, is assumed to re- 
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main unchanged (which is essentially true), the change in length of the mem- » 
ber, MN, will be, 8nn = Xmn cos d + Ymn sin > (see Fig. 15(c)). The anit 


stress in the member will then be (4 i ’) 
mn. 


In this manner the axial stress in all members may be expressed in terms 
of the unknown joint movements. Since joint movements are a feature of the 
Williot diagram, the method being described is quite similar to that developed 
by Mr. Ellis. 

If all joints were pin-connected and bending of members did not exist, the 
structure could be solved by equating the sum of the horizontal forces entering 
each joint to zero (3 H = 0), and treating the vertical forces similarly 
(3V = 0). This would give two equations for each joint, which would equal 
the number of unknowns and permit a solution. 

However, in examining the structure it can be seen that bending in the 
legs will materially influence the joint displacements and must be fully 
provided for in the analysis. On the other hand, for the particular tower 
considered, the web members are comparatively flexible, and their bending will 
not appreciably effect the distortion of the structure as a whole. Bearing this 
in mind, equations for 3 V = 0 may be stated for all joints and for 3 H = 0 
for those joints not along the tower legs. : 

In stating the remaining equations, the tower legs are considered to be 
vertical cantilevers fixed at the base. At each joint along the leg a horizontal 
force of unknown magnitude is applied. This force is simply the algebraic 
sum of the horizontal components of the axial stresses carried by the members 
entering the joint, plus any externally applied load. Thus, in Fig. 15(d), the 
leg is acted upon by the forces, Fa, Fo, Fc, and Fa, and the joints are deflected 
by the amounts, Xa, Xv, Xc, and Xg. Then, 


Xa = Maa Fa + Ma Po + Mac Fe + Maa Fa 

Xp = Moa Fa + Mw Fo + Moe Fe + Moa Fa 

X. = Ma Fe + Ma Fo + Me Fe + Mea Fa 

Xa = MaFa + Ma Fy + Mae Fe + Maa Fa 
The M-values are functions of the tower dimensions. By this means thel 
remaining equations are provided, and fheit solution is only a matter of care- 


ful perseverance. Si 
With the magnitude of the joint movements determined for a given con- 


dition of external loads, the axial stresses are computed py 4 BS. Bending 
stresses are determined by distributing the fixed end moments in accordance 
with the Cross method. The fixed end moments (see Fig. 15(c)), are equal to, 4 
M = 6 Seis I A 


This method has been used to solve other frames in mhich bending of the 
members is an important item. 


# 
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Leow S. Moisseirr,®’ M. Am. Soc. C. E. (by letter)*.—This paper is a con- 
tribution of the first order to the methods available to engineers for deter- 
mining the strains and stresses in elastic frames subjected to considerable 

deformation and departure from their original geometric form. The author 

“has extended the utilization of the device known as the Willot. diagram to 
the rotation of the members of a stiff frame at any joint. He has opened 
thereby an approach for the investigator which in many instances will facili- 
tate his labors and in others will afford the only possible path to a closely 
accurate determination of the behavior of a stiff frame under loads. 

Mr. Ellis relates how, encountering the problem of a high tower subjected 
‘to large vertical’ and horizontal forces and designed as a stiff frame, he 
developed the presented solution. ‘The writer believes that it is pertinent 
to fix here the co-ordinates of this case in time and space. The Golden Gate 

Bridge, now under construction (1934), ° crosses the entrance of San 
Francisco Bay by a suspended structure with a main span of 4200 ft and 
side spans‘ of 1125 ft. This enormous span, the longest of any bridge, as a 

- matter of design and clearance, requires high towers. They were made about 

400 ft in height above the masonry pier and 746 ft above mean high water. 
The width of the bridge centers of towers, trusses, and cables is 90 ft, and 

the magnitude of the towers is such that about 21 000 tons of steel are required 
for one tower. . 

The location of the bridge over the Golden Gate, the entrance to the larg- 

- est harbor on the Pacific Coast, in a landscape of rare scenic beauty, demanded 

a structure of chaste and majestic appearance. It was thought that by avoid- 

ing a multiplicity of diagonals for the bracing of the towers and leaving 
the cross-sectional view of the towers as free from obstructions as possible, 
a satisfactory solution would be attained. This led to the adoption of a 

- stiff-frame design with diagonals below the roadway and horizontal braces 
above it. The appearance of the northern tower, which at present is approach- 
ing completion, more than realizes the anticipation of the designers. 

This is the “flesh-and-blood” story of the skeleton tower which the author 
encountered and to which he refers. The method and procedure that he 
_ developed during his work on the design of the towers are the subject of his 

paper. It should properly be added that the final proportioning of the towers 
differs somewhat in cross-sectional areas from those given in the paper. In 
general, the procedure and method described were followed in the final design 
of the Golden Gate Bridge towers, on which the author has done excel- 
lent work. 

“The procedure in the final computations was as follows: For transverse 
wind loads all stresses in the tower were computed simultaneously; the final 
unknowns were expressed as the rotation angles of the joints and the rota- 

tions of the members. 

The only simplification introduced in the analysis was in the treatment of 
the four horizontal struts above the roadway as units. It was made by neg- 
OE oto i hag Lychee beset re era 


6 Cons. Engr., New York, N. Y. 
6 Received by the Secretary April 23, 1934. 
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lecting the effect of the secondary stresses in the members of the struts on the 
bending moments in the tower shafts. The shear transmitted through 
the struts was expressed as a function of the unkown rotation angles of the 
joints and the end member (tower shaft). It was thus made possible to reduce 
the number of the final simultaneous equations to thirty, the bottom hori- 
zontal member being designed to carry no stress. One tower shaft has eleven 
joints; the diagonal bracing below the floor has two more; and, there are 
eleven members in the shaft and six in the diagonal bracing. As each of 
these represents an unknown, a total of thirty unknowns result. To include 
the omitted effect of the secondary stresses in the members of the struts in the 
procedure would have rendered the simultaneous solution nearly impossible. 
The two upper top struts alone would have added thirty-four additional final 
equations, 

The secondary stresses in the members of the struts were computed sub- 
sequently from the primary stresses, and it was found that the resulting 
rotation angles at the ends were close to those derived from the solution of 
the thirty simultaneous equations. It may be added here that the top strut 
was analyzed subsequently by the same procedure as the tower. This was done 
in the computations for the tower model mentioned later, as an additional 
check of the original assumptions. 

After the solution of the thirty simultaneous equations, the rotation angles 
of all joints and members of the shaft were known, as well as the rota- 
tion of the end members and end joints of the struts. These values, belonging 
to the top strut, were then introduced as known quantities, and it was thus 
possible to compute all stresses in the strut simultaneously by establishing 
and solving seventeen equations. The results proved that the transferred 
shear assumed in the original equations was closely correct and that the 
resulting stresses in the struts were also in agreement with the original 
computations. 

The computations of the stresses and the design of the Golden Gate Bridge 
which, of course, included that of the towers, have been checked in the writer’s 
office. 

Considering the importance and size of the towers and the fact that novel 
methods of analysis had to be developed for more accurate computations of 
their stresses, it was decided to verify the design and computations by tests - 
of a model which should simulate, as nearly as possible, the structure and 
assure elastic behavior within the limits of test loads and observations. 

A model of stainless steel was fabricated which was almost an exact replica 
of the actual tower to the ratio of 1 to 56 in linear scale. The height of the 
model was 12.5 ft. The vertical load on top of the model was 38 000 lb, cor- 
responding to the vertical load on top of the actual tower of about 
120000000 Ib. 

The model was fabricated under the direction of George E. Beggs, M. Am. 
Soc. C. E., and the tests were conducted under his charge at Princeton Uni- 
versity. The model tower was simultaneously loaded both vertically and 
laterally in proportion to the wind load on the actual tower. A most com- 
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plete set of observations was made by strain-gauges. The results obtained 
from the observations on the model were in full agreement with the results 
of the theory used in the design of the tower. 

Tt will be of interest to know that when the first design of the towers was 
made, practically for purposes of estimate, it was necessary to determine 

the lateral deflection of the tower tops. This was computed both by the work 
method and the slope method. It happened that, by each of these methods, 
a lateral displacement of about 6 in. was found. Upon closer examination 
of the problem it became apparent that the deflection found by the work 
“method is due to the axial deformation of the tower shafts only and that the 
deflection found by the slope method is due to the flexure of the shafts only. 
Therefore, the two results, the one by the work method and the other by 
the slope method, should be added in order to obtain the approximate result 
of displacement. To this again should be added the effect of the eccentricity of 
the tower loads while so displaced and which will cause additional dis- 
placement. The total sum of the lateral displacement thus arrived at was 
about 17 in. It was then realized that a correct solution could only be 
obtained by developing a simultaneous integral theory. This has been done 
by the author. It should be stated here that the lateral deflection of the 
tower tops is 12.6 in. for the tower as built. 

The discussion leads to a comparison of the stiff frame, braced horizon- 
tally, with the common diagonally braced frame. It is usually assumed in 
every-day practice that a diagonally braced frame is statically determinate 
and that its stresses are therefore definite and computed with little effort. 
Any one who has given some thought to the problem will admit, of course,- 
that this is not so. Im order to have a statically determinate structure, all 
- joints must be hinged and frictionless. Structures are not built in this 
manner. The frame structures as built are many times statically indeter- 
- minate and the correct determination of their stresses is highly complicated. 

The assumption of frictionless joints, however, 1s so prevalent because 
it is the basis of elementary class-room teaching. This 1s a necessary result 
of the evolution of engineering science. Humanity, in its desire to under- 
‘stand the action of natural forces and to forge tools to determine the quanti- 
_ tative character of their action, had to resort to simplifying assumptions. It 

was an enormous step forward when the conception of the hinged, friction- 
less frame of rigid members was evolved. To this simplified theory is due 

the great advance in the design of structures and bridges. For the smaller 
structures subjected to moderate loads the theory is sufficient. The larger 
bridges built with higher strength steels and subjected to greater forces and 
deformations demand a deeper analysis which should correspond more closely 
to the actual behavior of the structures. 

From the point of view of a simultaneous solution a frame with diagonal 
bracing is more complicated and more laborious to compute than one with 
horizontal struts. Thus, the Golden Gate Bridge tower, as designed, required 
thirty equations and, if braced with diagonals, would have required thirty-five 
equations. The towers of the San Francisco-Oakland Bay Bridge did, in fact, 


require thirty-five equations. 
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In connection with the simultaneous analysis of frames and trusses it is 
well to point out that the separation of strains and stresses caused by external 
forces, into primary and secondary, is artificial and incorrect. Unless the 
frame is treated in its entirety erroneous results are frequently obtained. In 
some cases, even the direction of the stress is in error. There is an evident 
interaction of the members of a frame and only a simultaneous solution can 
approach their actual behavior. 


A. A. Eremin,’ Assoc. M. Am. Soo. OC. E. (by letter).“—An original 
method of computing the stresses in a suspension bridge tower is developed 
in this paper, including consideration of rigid connections at the joints. 

A number of analytical and semi-graphical methods for designing frames 
have been proposed, the relative merits of which depend upon the error intro- 
duced, the simplicity of the operations, and the time saved. Mr. Ellis has 
developed equations for a direct relation between the angular displacements 
at the joints and the external forces. However, these equations are com- 
plicated and numerous. To compute the angular displacements in the simple 


symmetrical frame (Fig. 2) below Joints K and L, fifteen simultaneous — 


equations must be solved. This is a difficult task even with a computing 
machine. 

Furthermore, in the Williot strain diagram, a geometrical relation between 
small deformations and long normal lines is sometimes difficult to express. 
Especially is this true in the case of a diagram for an arch frame. Stresses 
in a frame with rigid joints are generally computed in two operations: 
The primary stresses are determined under the assumption that the mem- 
bers of the frame are hinged at the joints; and the secondary stresses are 
computed to express an effect of the rigidities at the joints and eccentricities 
of the connections on the primary stresses. 

Computation of the secondary stresses is based on the convenient formula 


for a change in the angle due to changes of lengths in all three members in 


any triangle, thus: 


FE sa = (S; — 82) cot B + (S; — S81) cot y......... . (38) 


and for checking 
Sa itboSyds+ 188i = lOaaiual. snes siiomar a tee 6) lols (39) 


The simultaneous equations for computation of the angular displacements : 


developed by Equation (38) may be arranged so that the arithmetical error 
in solving these equations will not be accumulating. Furthermore, any part 
of a frame may be analyzed separately. 

However, Mr. Ellis has stated correctly that the facility of application of 
the Williot equations will vary according to the nature and degree of com- 


plexity of the problem in hand. The author is to be complimented for this ~ 


interesting contribution to the theory of design of statically indeterminate 
structures. 


° Assoc. Bridge Designing Engr. California Div. of Highways, Sacramento, Calif. 
6 Received by the Secretary, June 26, 1934. ' 
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A GENERALIZED DEFLECTION THEORY FOR 
SUSPENSION BRIDGES 


Discussion 


By Messrs. L. J. MENSCH, A. A. EREMIN, HANS H. BLEICH, 
F. H.. FRANKLAND; GUSTAV LINDENTHAL, JULIAN W. 
SHIELDS, A. W. FISCHER, AND J. M. FRANKLAND. 


L. J. Mensou,” M. Am. Soo. C. E. (by letter)®*—While it is true that 
Professor Melan used a certain tool of the elastic theory, he knew all the 
limitations of his assumptions and called his method the “approximate theory” 
rather than the “elastic theory.” He also knew that his formulas for the 
secondary stresses caused by the deflection of the cables form only an approxi- 

mate theory and, therefore, called it a more precise theory, and did not use 
the expression, “exact theory,” so liberally found in European technical 
literature. 

The differential equations occurring in this masterly paper by Mr. Stein- 
man are used in many problems which the modern engineer must solve. In 

the design of thin reservoir and ship plates, Dr. P. Forchheimer™ shows that 
one cannot neglect the change of length of the neutral axis of the continuous 
- thin plates, and he treats the resulting suspension action in the same manner 
as the author, a problem which has been previously discussed by F. Grashof.” 
Dr. Forchheimer simplified the design greatly without the use of any dif- 
ferential equation, and the writer is convinced that Mr. Steinman will be 
~ able to simplify his formulas by following Dr. Forchheimer’s lead. 

The same differential equations occur in the problems of computing the 
secondary stresses in cylinders held at the ends, such as tanks and boilers, 
as well as in rectangular tanks to find the stresses in the vertical corners. 
They occur also in the design of road slabs in finding the stresses due to con- 
centrated loads at the middle or at the edges. All these problems have been 
simplified so that differential equations are not required for their solution. 


Norr.—The paper by D. B. Steinman, M. Am. Soc. C. E., was published in March, 
1934, Proceedings. Discussion on this paper has appeared in Proceedings as follows : 
August, 1934, by Messrs. Jonathan Jones, A. Miillenhoff, H. Cecil Booth, Jacob Feld, 
and Glenn B. Woodruff, Howard C. Wood, and Ralph A. Tudor. 

2” Ciy. Engr. and Constructor, Chicago, Ill. 

206 Received by the Secretary July 9, 1934. 

a “Die Berechnung ebener und gekriimter  Behiilterbéden”’, von P. Forchheimer, 
Second Edition, Berlin, 1909. ; 

2 “Theorie der Elasticitit und Festigkeit,” von F. Grashof, Berlin, 1878, p. 152. 
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A. A. Eremtiy,” Assoc. M. Am. Soc. C. E. (by letter)™*.—Simple equations 
are developed in this paper, for an accurate calculation of the stresses in a 
continuous suspension bridge. Furthermore, the author has provided instruc-- 
tive diagrams for the stresses in a suspension bridge continuous over 
three. spans. . 


Fic. 10.—Main SPAN PARTLY LOADED NEAR CENTER. 


Fig. 10 may be found convenient in computing the loading terms. For 
example, the loading terms in Case V, Article 9, may be expressed as fol- 
lows, to compute values of H, T,, and T;: 


u? i 
A=m[ea—)-¥]ite, OR AAIB SME (65a) 
3 c 
a 2ceu —__ 2cr cl 
By = p[pu- Ga Coa er ey) jade (656) 
2c ez tu) ‘ 
and, 
2u(2e2—1) (1 — a) (e%™ — 1) (e%= — | 
B, = — ea]... (650) 
a P [ 1 2cad ecl= tu) ( 
For calculating the constants, QO; and C., in Segment BC: 
Sra Sas 8 [“ Cae ed sed Ue ok 9 8 Unde we A660) | 
4d ec(e tu) ectitz+u) : 
and, 


G xt Pp (err + ert) 
. 2 ec(z +u) 


By varying the dimensions, u and 2, Equations (65). and (66) may be - 
used for the loading uniformly distributed over any length and at any part 
in the span. The loading terms for Case VI, Article 9, may be obtained by 
calculating the terms for the case in which the span is fully loaded and 
thereafter subtracting the terms calculated with Equations (65) and (66) 
for loading over the middle part. recta 

Equations (65) and (66) are convenient for computing the loading terms 
because they contain like factors for all cases of distribution. Furthermore, | 
these equations may easily be simplified for the loading symmetrical about 
mid-span. 


73 Assoc. Bridge Designing Engr., California Diy. of Highways, Sacramento, Calif. 
%¢ Received by the Secretary July 11, 1934. ' in 
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The author has developed equations for the stresses and deflections 
in a suspension bridge with the assumption that the stiffening truss and the 
suspension cable deflect at any section for the same amount. However, con- 
sidering the elongation of the hangers, A h, the bending moment in a stiffen- 
ing truss will be, 


Mo Mee Hy Te CH Hoe), (gh aA Bh) & Geyepcep arg OT) 
and the differential equation for the deflection of the stiffening truss may 
be written, 

ad’ 7 
d x? 


An elongation in the hanger sustaining the loading from cable and 
temperature stresses may be expressed as, 


1 
= ey Sach mete (Morte To By) esis. 68 
n are | y (68) 


H 
Ah = SSS HP 208 1 6 Rg SA ES) eee eT 69 
Ges ant) & f—y) (69) 
in which, A, = section area of hanger per unit length along the truss; 
E, = elastic modulus of hanger; #, = hanger length at mid-span; and 


on = coefficient of expansion of hanger. 
Substituting Equation (69) in Equation (68) and solving for the deflec- 
_ tion of the truss, 


aesese {ae + Gent My Hy + P+ BTA ah 
Hic 
it H H EI¢ 
ae St 2 —-—{lt + w,t | —] ]?.------ 70 
al z ( hoe nt] H |} i 


and the bending moment in the stiffening truss will be: 


M=-— | (CpeFhiG,ie-*) 


1 H H EI¢ 
sob ibre O° fey be AE or [Oe SE 71 
Cc [? r ( 4 ES E, sap | H I} ‘ ) 


The constants, 0; and C2, in Equation (71) are the same as those in Equa- 
tion (9). Therefore, the moment in Equation (71) differs from the moment 


jn Equation (9) in the term, | ts + op | Hie . This term-has been 
Tr An En H 

shown to be small.* Therefore, without material error, the effect of the 

extension of hangers may be neglected as has been stated correctly by 

the author. 

Mr. Steinman has contributed a most outstanding paper to the Engi- 
neering Profession. The range of application of suspension bridges is 
increasing. Therefore, the design method of continuous. suspension bridges 
presented in the paper is timely. 


2% “Modern Framed Structures’ by Johnson, Bryan, and Turneaure, 1917 Edition. 
Pt. 2, p. 300. 
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Dr. Inc. Hans H. Buricu™ (by letter)”*.—Following the same idea as} 
that of the author, namely, that suspension bridges with continuous stiffen- + 
ing trusses must have certain advantages over the usual simple-span' 
suspension bridges, the writer has likewise developed a generalized analysis} 
applicable to continuous as well as to non-continuous suspension spans. . 
The writer’s procedure is based on the known relationship between the deflec- : 
tion curves of the stiffening truss due to any live loading and the deformation . 
of the stiffening truss due to buckling as a long column under a longitudinal | 
load. This analysis, differing in method of attack, yields final working ' 
formulas and numerical results practically equivalent to those obtained by 
Mr. Steinman, thus affording a substantial check. 

One advantage of the writer’s method of analysis is that it facilitates 
consideration of the variable moment of inertia of the stiffening truss. The 
influence of a varying moment of inertia is particularly important in 
suspension bridges with continuous stiffening trusses. 

The author’s claims of superior efficiency for the continuous type of 
suspension bridge are conservative. He has limited his comparisons to mid- 
span deflections. By considering also quarter-point deflections, more marked 
advantages are found even in longer spans. 


The following example of a three-span structure with 1575-ft main span 
will show advantages of continuity beyond those pointed out by the author. 
Referring to Fig. 11, the following general data apply to the problem (using 
the author’s notation): 1 = 1575 ft; l, = 525 ft; f = 157.5 ft; fr = 17.5 ft 
I = I, = 383400 in’ ft?; Ap = 620 in2; Ee = 23500000 lb per sq in.; 
w = 138 440 lb per ft; p = 4 030 lb per ft; t = + 35° C; and w — 0.0000125. 

The maximum bending moment curves for live load and temperature for 
a continuous truss, and for a two-hinged stiffening truss, both proportioned © 
for the same uniform moment of inertia, are recorded in Fig. 12 (compare - 
with Fig. 5). A comparison of the areas of Designs I and Il, Fig.:42, 
shows that, for the same depth, the continuous truss would require a 6% 
larger chord section than the two-hinged stiffening truss. 

The maximum deflections of the two systems of bridges show that the 
continuous design (without the 6% addition of chord material) is marked 
by a notable increase of rigidity over the other system. Table 4 contains 
the maximum deflections at the center and at the quarter-point of the main 
span and at the center of the side span. The greatest and most impor- 
tant deflection occurs at the quarter-point of the main span. For this critical 


2% Vienna, Austria. 
22 Received by the Secretary June 21, 1934. 
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deflection, the continuous suspension bridge of 1575-ft main span, is 17% 
stiffer than the two-hinged type (although both are proportioned for the same 
moment of inertia). The corresponding increase in the side-span rigidity 
is 20 per cent. 


Design I Continuous Truss 


(h=1= 33 400 in.* ft’) 
Design II Two-Hinged Truss 


(h = 1 = 33400 in.? ft”) 


Design III Two-Hinged Truss 
(4, = 1 =50000 in. ft) 


Moments in Millions of Foot-Pounds 


Fig, 12. 


The reductions in bending moments from the elastic theory to the deflection 
theory are found, for this example (see Design I, Fig. 12), to be of similar 
magnitude to those found by Mr. Steinman for his design with 800-ft main 
span. These reductions for the design with 1575-ft main span, amount to 
about 19% at the tower and about 45% in the main span (compare Fig. 3). 


TABLE 4.—Comparison or MaxtmuuM Der.ections, IN Fret (SEE Fig. 12). 


Sipp SPAN Main Span 
Design caine aOR 
Center Quarter-point Center 
Be ee IER aa cate ene) Rk SOs ED | 
I 17d = at it area $. Gian 
ET BIT. fret es 334 383 703 
Paeey igeia eet Si Sto ee ee ees ee ne reset 
h a Brak 
pe ee ror eee at 2.15= 244 4.96 = a7 4 03 = 39] 
eee ee eee, figusseGat sai ws 
Percentage difference.....-----+-++---7 20 17 3 


Jee Tia it TOL 


A true knowledge of the economic advantage of the continuous type is 
obtained by comparing the bending moments in two designs of equal rigidity. 
The moments of inertia of the two designs should be chosen to yield approxi- 
mately the same average deflections. 

Table 5 shows that a two-hinged suspension bridge with I = I, = 50000 
int? (Design III), has about the same rigidity as the continuous bridge 
with J = I, = 33400 in” ft? (Design I). The maximum bending moments 
from live load and temperature for this bridge (Design III) are also 
recorded in Fig. 12. The area of this maximum moment graph is found to 
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be 13% larger than for the continuous bridge (Design I). Hence, when 
proportioned for equal rigidity, the continuous design with 1575-ft main 
span is 13% more economical than the two-hinged design. (A comparison 
of the respective assumed moments of inertia, for equal rigidity, shows an 
economy of 33 per cent.) 


TABLE 5.— Comparison or Maxtmum Deruerctions, In Fret, Desians oF 
Equa Riamwity (See Fia. 12). 


Sipe Span Main Span 
Design tb 
Center Quarter-point Center 
Do pee re te aay diphack Saye aha 1.72 4.11 8 .913:..000e 
°F lie 1.68 4.35 3.78 
Poroentaye Gitlerence xo aii cen eee see 2:5 +6.0 —3.0 


The writer has thus confirmed Mr. Steinman’s findings of the superior 
efficiency of the continuous type and has extended these findings to greater 
span lengths. The same numerical values and comparisons are yielded by 
either form of the generalized deflection theory. The author would have 
found the same magnitude and range of superior economy and rigidity if 
he had considered quarter-point deflections instead of limiting his com- 
parisons to mid-span deflections. 


F. H. Franxuanp,” M. Am. Soc. C. E. (by letter)™*—The generalized 
deflection theory of design for suspension bridges presented in this paper, 
by which the economy realized by the use of the exact or deflection theory, 
instead of the elastic theory, in the design of bridges with simple-span 
stiffening girders or trusses, is now available for continuously stiffened, 
and for multiple-span, suspension bridges. This contribution is undoubtedly — 
one of the outstanding recent advances in bridge design. 

The design of suspension bridges has advanced greatly during the past 
few years, and this development has been much more marked than with 
other types of bridges. Twenty years ago (1914) it was said with truth that 
little was known regarding the science of design as relating to this type 
of structure. 

For long crossings there will be many instances where multiple-span 
suspension bridges will offer the most economic and efficient solution over a 
considerable range of conditions. These conditions vary from case to case, 
often in great degree, but in’ many instances, because of the fact that 
such structures for highway traffic carry relatively small live loads with 
fairly large permissible deflections, it is possible to achieve economy, 
efficiency, practicability, and good appearance in a greater degree with a 
multiple-span suspension bridge of truly modern design than with any other 
type. The incorporation of steel floors as a unit with the stiffening girders 


*6 Director, Eng. Service, Am. Inst. of Steel Constr., Inc., New York, N. Y. 
8a Received by the Secretary July 21, 1934. 
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and wind girder, has permitted hitherto unrealized economies in some re- 
cently constructed: bridges. Furthermore, in. some cases, it is possible to 
reduce the metal in stringers materially by constructing them continuous 
over the floor-beams, a feature of special value for self-anchored suspension 
bridges. When this is done, the stringers beeome a part of the stiffening 
system, with corresponding savings in the main stiffening girders, 


Gustay Linpentuau,” Hon. M. Am. Soc. ©. E. (by letter)”".—The 
generalized deflection theory offered in this paper presents an ingenuously 
deduced basis for computing stresses in stiffened, suspension bridges whether 
of one span with end spans, or of multiple spans, assuming continuous 
parallel-chord trusses through the towers as a recognized feature of economy. 
Tt offers a welcome check on other methods of calculation and a refinement 
toward greater economy, provided the economically most suitable relations 
of cables and stiffening trusses are first chosen by trial for the given case. 
- It is a singular fact that, whereas the ascertainment of stresses in 
a suspension bridge from uniform loads, as for a suspended aqueduct, is a 
simple matter, that. of the stresses from live loads or from moving loads 
presents certain complexities resulting from the different behaviors of cables 
and suspended trusses under such loads, further influenced by temperature 
effects and elastic restraints not wholly statically determinate or subject to 
elimination by the deflection theory, as, for instance, the elastic elongations 
of suspenders which for simplicity the author assumes to be negligible. 

Therefore, the computed results for any given case, even with the per- 
fected theories now extant, are more of the nature of close approximations 
than of absolute accuracy, similar to all structures not wholly. statically 
‘determinate. They are sufficiently accurate, however, for safety and close 
economy in suspension bridges, which are different from other truss forms 
in that their carrying capacity is not affected by their deflection under mov- 

ing loads; only their rigidity is affected, and this can be kept within 
predetermined limits, : 

For long spans and concentrated loads it is advisable to make comparisons 

and checks with models. Suspension structures considered as suspended 
arches are always in stable equilibrium for any loading. They are unlike the 
unstable equilibrium of the erect arch in which the center of gravity is far 
above the points of support, and in which the breaking of a stiffening mem- 
ber may produce collapse; in the suspended form nothing more serious would 
result than local deformation. 

Far in advance for long spans of either the arch or girder types, this 
anciently known fact early led to the construction of important suspension 
bridges (600-ft spans over the Menai Strait between the Island of Anglesey 
and Northwest Wales, in 1832, and over the Danube at Budapest, Hungary, 
in 1843) stiffened only nominally with hand-rails. Nothing serious can hap- 
pen to a suspension bridge as long as the anchorage, towers, and cables 
are sound. In the long-span Brooklyn Bridge, for instance, fractures in the 


7 Pres, and Chf. Hngr., North River Bridge Co. ; Cons. Engr., Jersey City, ™N., J. : 
27a Received by the Secretary July 13, 1934. 
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chords of the stiffening trusses, or in the suspenders, have occurred without | 
seriously endangering the structure as a whole. 

The first theory for the stiffening of a suspended span by the English 
engineer and mathematician, Rankine (1858), was not used in the United . 
States as far as known, because it gave heavier and more expensive trusses | 
than the empirical Roebling System (low stiffening trusses with stays up 
to the towers) successfully used for road bridges in this country. The deflec- 
tion and stresses in the Brooklyn Bridge were studied with. the aid of a 
model which indicated for the long span a sufficiently stiff structure under 
the exigencies of highway traffic; but a highway and railroad bridge of this 
system with an 800-ft span, over the Niagara River, did not prove a success, 
It was a “wobbly” structure, which was later replaced by a rigid steel arch 
bridge. 

The first analysis in the United States of stresses in suspension bridges 
stiffened with trusses was made by the late Augustus Jay Dubois, M. Am. 
Soe. O. E.*% In his treatment of the subject Professor Dubois maintained that 
the curve of the cable does not remain parabolic as the generally received 
theory assumed, but that it takes the curve of equilibrium due to loading. 
He criticized the Roebling System as unscientific and wasteful, and no more 
bridges of this type were built thereafter. 

When Professor Josef Melan, of Prague, Czecho-Slovakia, published, in 
1888, his theory of stiffening suspension bridges, he was not ‘aware of the 
equilibrium theory of Professor Dubois. Professor Melan assumed his stif- 
fening girders hinged at the ends and at the center in order to avoid 
temperature stresses, but this assumption was corrected in the later editions 
of his book when the writer had pointed out” that the middle hinge does not 
eliminate temperature stresses but merely re-distributes them. . 

From the first, Professor Dubois assumed continuous girders fastened 
down at the ends to resist end bending moments. Both writers assumed only 
single spans with parallel chord trusses of uniform moments of inertia. 
Professor Melan’s theory, enlarged and. supplemented in the later editions 
of his book, became the accepted theory abroad and in the United States. 
Other contributors followed with specialized investigations, among whom were 
the German authors, C. M. Bohny, J. Fritsche, K. Girkman, and F. Glaser. 
A quite meticulous mathematical treatment of the subject was presented in - 
a new deflection theory (published in English in 1930) by the late Hans 
Henrik Rode, M. Am. Soc. OC. E. Professor Rode’s program to extend his 
method of investigation to suspended and erect braced arches remained in- 
complete because he died suddenly on July 18, 1930. . 

Special cases of suspension structures may arise requiring independent 
investigations. This may happen, for instance, in the possible strengthening 
of the Brooklyn Bridge for heavier live loads. When this question came up — 
before the writer in 1902, he made a study of different methods of strengthen- 


a 
8 Journal, Franklin Inst., 1882. 
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ing with the purpose of decreasing the load on top of the stone towers and 
of transferring part of the load of the superstructure directly to the tower 
foundations. The stone masonry in the towers is sound, but it is exposed 
to bending stresses which increase the pressure on the stone to more than 
1000 Ib per sq in., and this pressure shouldbe relieved. Additional cables 
resting on the tops of the towers must be avoided. The study assumed 
stiffening trusses of greater height and greater moment of inertia at the 
- towers than at the center, or at the anchorages, to take up, through cantilever 
action, a large proportion of the suspended dead load on both sides of the 
towers and transfer it directly to the foundations. The arrangement would 
require a special analysis checked by tests on a model. 

In Section 12 the author discusses the application of his method to 
multiple suspension bridges with tie-cables connecting the tower tops. Such 
an arrangement would mar the architectural appearance of a suspension 
bridge. It would look more like a derrick structure than a bridge, and seems 
to be avoidable without much loss of economy, at least in highway bridges 
in which the suspended load is several times heavier than the live load. 

The writer bases his belief on his observation of the behavior of a sus- 
pension bridge with ten successive spans of 180 ft each under exceptionally 
heavy street traffic. This was the old Monongahela Bridge, at Pittsburgh, Pa., 
before it was rebuilt in 1882. | Originally, a timber bridge had been built in 
1810. When it burned down in 1848, it was rebuilt on the same piers by the 
late John Augustus Roebling, M. Am. Soe. C. E.,'as a wire Gable suspension 
bridge of ten spans. Each span was carried by two cradled cables, made on 
shore, of parallel wrapped wires. 

The cables had loops around an iron shoe at each end suspended from 
short hangers in the top of the cast-iron towers, about 20 ft high and hav- 
ing bases about 8 ft square on the piers. The sag of the cable was one- 
thirteenth of the span, and on each side was a frail wooden hand-rail of no 
value as a stiffening element. Heavy horse teams and crowded horse-cars 
were passing continually in opposite directions. The proportion of live load 
to dead load was about 1 to 2, and yet the deflections of the roadway under 
heavy loads were relatively small. The rod iron links from which the 
cables were suspended in the towers were in constant pendulum-like motion. 
The pins on which they were suspended were badly worn when the bridge 
was dismantled. 

Tt was notable that the entire suspended structure of ten spans (total 
length, 1800 ft), with all its faults was remarkably steady, and that the time 
element for the propagation of wave motion in the suspended structure had 
a deterrent effect on the deflections. If this arrangement was comparatively 
steady for small spans, it could be made so for long highway spans on which 
the dead load, including a concrete floor, is several times greater than the 
live load, and on which the deflection wave must travel longer distances. 
The better architectural appearance of the bridge may justify the combina- 
tion of flat catenaries with stiffening trusses continuous through the towers 
to avoid sagging ties between the tower tops. The widening of tower bases 
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need only be sufficient to include the resultant from the tower top from 
unbalanced horizontal tension in the cables, which, in a highway bridge, can 
be kept between narrow limits. Of course, such an arrangement would not 
do for a railroad bridge, which must be designed to carry concentrated loads 
at high speeds. 

One encounters here, a considerable difference in weight of anna and 
cost between suspension. bridges. for more or less distributed highway loads 
on a flexible structure and that of a structure for the concentrated loads of 
railroad trains at fast speeds, requiring a rigid track. 

In order that a suspension railroad bridge shall be equivalent to a bridge 
of rigid type (truss, cantilever, or arch type), its local deflections under pass- 
ing trains should not materially exceed those in these rigid types for equal 
carrying capacity; but in the suspension bridge stiffened with trusses the 
weight of steel required for such a purpose may exceed very considerably 
the weight of the cables which carry the entire dead load and live load, be- 
cause the size'and weight of the stiffening trusses increase approximately in 
inverse ratio to the predetermined deflection under passing loads, other things 
being equal. 

If this condition would be adhered to strictly, the suspension bridge with 
stiffening trusses, for, the same span, would become nearly as costly for rail- 
road traffic as a bridge of the rigid truss type. The increased cost would 
not be for increased carrying capacity, but for greater stiffness. 

In this respect the study® of the late George Shattuck Morison, Past- 
President, Am, Soc. C. E., for a long-span suspension railroad bridge remains 
instructive regarding the guiding elements in such a structure stiffened. by. 
stiffening trusses. His method of calculation furnished sufficiently close 
results that would not be affected materially by the, author’s deflection theory, 
making due allowance for the higher unit stresses with higher steels that 
now would be assumed for such a study and that would substantially reduce 
the weights of metal. 

The discussion of Mr. Morison’s paper was illuminating in that all the 
contributors endorsed the decided economy and advantage of stiffening trusses 
continuous through the tower (the feature adopted also by the author). The 
discussers also recognized the, greater economy. of a suspension bridge in 
the form of suspended braced arches, in which the stiffening web, taken as it 
were from the trusses, is placed between the parallel cables which act as 
chords. A criterion of this economy is thus obtained by comparing the weight 
of steel. in each system required merely for atifening with the weight of 
the cables. 

In his study for a 3 200-ft span, Mr. Morison assumed a total dead and 
live load of 50000 lb per lin ft of span. He found the weight of cables 
was 10 900 lb. The weight of stiffening trusses for a live load of 12.000 lb was 
15.780 lb (truss chords, 11600 lb; web, 3240 Ib; and cross-bracing between 
top chords, 1440 lb). In other words, each 100 Ib of live load required 90 Ib 
of wire cable and 131 Ib of steel purely for stiffening trusses in order to 

% Transactions, Am. Soc. C. E.,. Vol. XXXVI (1896), p. 359. 
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prevent a deflection of the floor in excess of 34 ft at the quarter-points and 
to resist the bending and shearing stresses from live load for that deflection. 
By this comparison the stiffening trusses are, therefore, 31% heavier than 
the live load and 45%- heavier than the wire cables, which carry the entire 
dead and live load. The weight of the stiffening trusses could be reduced 
only at the expense of rigidity. Trains would then be compelled to slow up 
over the bridge, which means it would lose its merit and value as a rail- 
road structure. 
On a highway bridge of the same magnitude the live load would be more 
or less distributed, which would permit a large reduction in the weight of 
stiffening trusses, eventually less than 25% of the cable weight, without 
impairment of the capacity and usefulness of the bridge. Traffic regula- 
: tions can prevent local concentration and congestion, or highway traffic, as 
is done, for instance, on the Brooklyn Bridge. In this way deflections can 
be kept within moderate limits; but in a railroad suspension structure in 
which the deflection wave from passing loads must be kept at a minimum, 
the weight of the stiffening trusses cannot be reduced arbitrarily without 
impairing the usefulness of the bridge. 
Next, assume a braced suspension arch bridge of the same span in which 
- the web taken from the stiffening truss is inserted between the cables (60 ft 
apart). Then, suspended braced -arches are obtained with a saving assumed 
roughly at 12500 lb of steel per lin ft of span over the stiffening truss bridge. 
Since the suspended dead load in Mr. Morison’s study is found to be 39 000 
Ib, the saving of steel in a suspension braced arch over the stiffening truss 
type would be 35% on this one item. All values are approximate and are 
used merely to illustrate the economy of suspended braced arches for the 
same live loads. 
The theoretical treatment of a suspended framed arch bridge is outside 
_ the theories for a suspension bridge stiffened with trusses. For the suspended 
framed arch type, with parallel or nearly parallel chords or cables, the analysis 
must deal with a structure computable on the theory of elasticity, which for 
the case of a middle span and two side spans is statically indeterminate in the 
fifth degree, but with certain permissible assumptions may be reduced 
to the third degree. When the results are plotted they show that the stresses 
in the cables from bending moments in the arches can be kept between close 
limits and require no additional material in the cables. For a completely 
satisfactory solution checking of the theoretical results on a model is advis- 
able, as is already the practice for large suspension bridges. Such tests will 
permit verification of computed results and may suggest their further refine- 
ment, through application of that part of the author’s deflection theory which 
relates to changes in the curve of the cables from moving loads. 
The only suspension bridge type which is statically determinate for mov- 
ing loads is that with intersecting chords (eye-bar chains), as in the side 
spans of the Tower Bridge over the Thames, at London, England, or as was 
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proposed in the writer’s competing design™ for the railroad suspension bridge 
with three spans (659 ft 3 in., 1758 ft, and 659 ft 3 in.) over the St. Lawrence 
River, at Quebec, Que., Canada. 

The deflections from full live load and temperature (but not from local 
live loads) are somewhat greater than in equivalent cantilever structures, but 
are still comparatively small and unobjectionable and even so can occur only 
rarely. The suspension structure is about 16% cheaper than the cantilever 
structure, and that its architectural merits are superior to the latter is too 
obvious for comment. 


Juuian W. Sutetps,” Ese. (by letter)**—With the publication of this 
paper, a more general adoption of the suspension type of bridge for rela- 
tively short highway spans should follow. The writer has long been interested 
in the suspension bridge for short spans, recognizing its superior esthetic 
properties over the conventional types now in use. More important, an 
accurately designed suspension structure will prove itself economically 
justifiable. Actual bidding, in the past, has confirmed the belief that the 
suspension type can compete successfully with other types in the short- 
span field. 

The major problem of short-span suspension bridge design is to secure 
sufficient, yet economical, stiffening of the floor system. The hingeless 
stiffening truss seems best suited to meet. the situation. It is admittedly 
more rigid and, if accurately analyzed, more economical than the two-hinged 
stiffening truss. Hence, with maximum economy available in the form of 
the more efficient hingeless stiffening truss, accurately analyzed, the sus- 
pension bridge should be able to compete more advantageously than ever 
before in the short-span field. 

A 400-ft span suspension bridge, with 200-ft suspended side spans, was 
selected in order to study the relative economy of the hingeless and two-. 
hinged stiffening trusses. Following the method outlined in Mr. Steinman’s 
paper, the two truss types were compared, using equal center-span deflections. 
It is realized that perhaps the truss types should be compared for conditions 
of equal maximum change in slope. Nevertheless, the results are most 
gratifying. The hingeless type showed a superior economy of approximately 
12% over the the two-hinged truss. This percentage of economy in favor 
of the hingeless stiffening truss might be increased somewhat if the two — 
truss types were compared under conditions of equal maximum change 
in grade. 

The loadings for maximum moments were found to agree closely with 
the chart of loadings (Fig. 2) published in the paper. However, there were 
several exceptions in the example presented by the writer. These exceptions 
were probably due to the fact that the span lengths adopted were much 
shorter than those of the example given by Mr. Steinman. This might be 
expected, as the author indicates. The maximum moments at the sections, 
‘ %1 Wngineering News, November 28, 1911. 
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* — 0.6 and . = 0.7, were negative and occurred for an advancing live 
By 1 

load in the main span at the highest temperature. The maximum moment 
at the middle of the main span was positive, but occurred for an advancing 
‘live load in that span at highest temperature. ° The chart calls for a part of 
the main span loaded symmetrically about the center line at highest tempera- 
ture. It must be admitted that the difference between the maximum 
functions at the center of the main span, obtained from the two different 
conditions of loading, was small. 

As stated in the paper, the effect of continuity at the towers is lost in the 
spans at points proportionately nearer and nearer the towers as the span 
length increases. Conversely, the opposite is true for decreasing span lengths. 
In the example, solved by the writer, this is strikingly brought out by the 
fact that the effect of continuity at the towers is felt in the side spans for 
a distance of two-fifths of the span, whereas, in Mr. Steinman’s example, 
with the span lengths just double, this effect is felt in the side span for a 
distance of only one-fifth of the span. Perhaps, this accounts for the dis- 


agreement with the loading chart at the sections, 1 — 0.6 and ee OTe 
E 1 1 

Some may question the advisability of using the deflection theory for the 
analysis of the stiffening trusses for such short span lengths, feeling that 
the approximate theory will give results sufficiently accurate for practical 
purposes. Using a 3 to 1 ratio of dead load to live load, the writer found 
that the average deflection correction for live load alone amounted to 16%, 
which seems to justify the use of the deflection theory formulas even for 
comparatively short spans. 

While, unquestionably, the great worth of this paper lies in its presenta- 
tion of a workable theory for hingeless and multiple-span suspension bridges, 
the ease with which the deflection theory may be applied in the solution of 
two-hinged stiffening trusses, is worthy of note. This feature alone should 
commend it to the profession. The writer finds that by using the simplified 
equations of the paper, it is possible to obtain a solution for a two-hinged 
stiffening truss by the deflection theory almost as rapidly as by the approxi- 
mate theory. The paper demonstrates a skill in condensing and simplifying 
dificult algebraic equations, and describes a complicated theory in a form 
both easy to understand and to apply. 


A. W. Fiscuer,” Ese. (by letter)**—Remarkable ingenuity is demonstrated 
by the derivation of the general formulas in this paper. These formulas can 
be used for continuous stiffening trusses—and for non-continuous suspension 
bridges—by simply writing zero for T wherever it occurs. If hyperbolic func- 
tions are used, formulas can be derived so that the moments and shears 
can be solved in less time than it requires to solve the formulas as given by 
the author. 


33 Philadelphia, Pa. 
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Using the same notation and the differential equation given by the author: | 


Ete ae Gr Ay De (72) 
ax? EI 
Equation (72) is a linear differential equation with constant coefficients, 
the second member of which is a function of z The complete integral of 
this formula consists of two parts, a complementary function and a par- 
ticular integral, the complementary function being the complete solution 
of the equation formed by making the first member of Equation (72) equal 
to zero.” 
The solution of the particular integral is not difficult, but is somewhat 
lengthy.” The complete solution of Equation (72), is: 


4 = C, sinh cx + C2 cosh cx “ig |(2— x) M,+ Hy — r|. (73) 
EI¢ Fp gh jae 
which is similar to Equation (7) of the paper, except that hyperbolic func- 
tions enter into it. 
The second derivative of Equation (73) gives the value of moment, 


M = — (Hw + H) (Cy sinh cx + C, cosh ex) — 1 4 Pe... (7a) 
re c 
and the third derivative gives the value of shear, 
Vez — (c) (Hw + H) (Oy coshcx +: C2 sinh cx).t0.65.% (75) 


For a uniform load of pz per unit of length extending a distance, k, 
from the left end of the span (which is Case III of the paper) the con- 
stants of integration for the loaded section, AB, and the unloaded section, 
BC, may be determined at the same time. The constants for the loaded 
sections will be denoted by C, and C:; those for the unloaded part by 
C; and (,. The additional.formulas now required for the four constants 
are obtained from the condition that the moments and shears at the right 
end of Section AB are equal to those at the left end of Section BC. 

From Equations (74) and (75), the moments and shear for the various 
sections are: 


Mis = — (Hw + H) (Ci sinh cx + C, cosh cx) — ate . (76a) 
and, 
Msc = — (Hw + A) (C; sinh cx + Cy, cosh cx) — = + 0. .(76b) 
Vas = —.c (Hw + H) (C; cosh cz + Cs sinh cx)...... (77a) 
and, 
Vac = — ¢ (Hw + H) (Cz cosh cx + C, sinh cx)......(77TD) 


From Equations (76) and. (77), and the conditions that when 
x = 0, M = T, in Equation (76a) and for x = 1, M = T, in Equation Gh 


4 “Differential Equations”, by Abraham Cohen, First Edition, p. 96. 
8 “Differential Equations’, by Daniel A. Murray, Highth Impression, p. 72. 


oe 
September, 1934. FISCHER ON DEFLECTION THEORY FOR SUSPENSION BRIDGES 1069 


and from the conditions stated previously—the values of -the constants can 
be determined. Solving for C;: 


i! H 
Ae eee ads 
rl (i. + H) cub cl [ ca (cosh cl — 1) x posh cl — cosh ck cosh cl 
+ sinh cl sinh c k) + T, cosh cl — r.| Vy ou ae (78) 
and, 
(Ci a ei he Weitere bist 
ab i jopen | co Tre ‘| Pee 


. Substituting the -values of CO, and C. in Equation (76a) and reducing, 
an expression | 3g derived for the moment between the points, A and B, 
as follows: . 


tea cepa aed ata 


sinh cl 


eo a3, ua {1 — sinh'ce + sinh c (J —2\ (80) 


rc sinh cl 


Ti sinh -c(dy— 2) T, sinh cx 
sinh cl sinh ¢ 1 


Differentiating Equation (80), an expression is derived for shear in 
the main span, which gives: 


| _ Ps (Oke coshaa —\|k) —icoshié (lx=_2) \ 


CoS sinh ¢ 1 

H (cosh cx — cosh c(l — 
eS ES peek aI aneneD 
‘ PO sinh .c | | 


as cosh c(l — £) c T, cosh cx 
SID C tee ah sinh cl 


_ The expression for moments and shears seems lengthy, but if a table of 
hyperbolic functions and a 20-in. slide-rule is used, the: values can. be found 
in about one-half the time it requires to compute the moments and shears 
by the formulas as given by the author. On) close examination it can be 
seen that the moment using hyperbolic functions can be solved in less time 
than is required for the constant, C,, as given by the author. A 20-in. 
slide-rule does not give reliable results using the author’s formulas for 
Case III loading. 

“For a given load on the main span as shown for Case III loading the.loca- 
tion of the greatest bending moment can be determined by the method .of 
finding the maximum of any continuous function. At the point of greatest 


bending moment, the differential’ of the moment, or ‘the shear, must be 


wi oe) ae al 
ons 
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equal to zero. This results in, 


3 
A ee ae Poa ROE PUES oh a | 
& —Pt+ec 1, ) sinh cl 
r 


—1+.¢ 
pz cosh c(l — k) —E_(p, — 4 cosh cl+c?T,coshcl—c? r,| 
rT r 

as the formula of the condition for greatest moment, for a certain value of k. 
From Equation (82) x can be solved readily. Furthermore, by means of 
Equation (82), the point. of maximum moment for an approaching load on 
the main span can be determined and, in this way, maximum positive 
moments can be calculated for the main span from the end to near the 
center. The approaching load can be increased for various values of k until 
the maximum positive moment is found. 

Example, 1.—As an example take the author’s values from Table 3 when 

= 0.475. 1, to solve the value of « where the moment is greatest for a load 
on the main span extending from A to B (Case III loading); thus: 
sinh cl = sinh 6.728 = 417.7; cosh ¢ (1 — k) = cosh 3.581 = 17.09; and 
cosh cl = cosh 6.728 = 417.7. . 

The values of the hyperbolic functions are taken from a table in the 
writer’s possession,” but for work of this nature a more complete table should 
be used.” 

Substituting the foregoing values in Equation (82) and reducing: 


1 1 1 


sinh cx 3 a as 71.073 — 17 = 0.2701 3.705 
— 585.0261 
Therefore, cz = 2.02, and x = 22 10Re = 240.4 ft. The author uses a value 
. 0.00841 


of 240 ft. 

Equation (82) seems long, but it is easier to calculate cx from this formula — 
than to use the “cut-and-try” system of locating the point of maximum 
moment for a given load on the main span from AB. 

Example 2.—Using the same values as in Example 1, with « = 0.3 1, to 
solve for the moment, M, in’ Case III when the load extents from A to 
B: sinh ca = sinh 2.019 = 3.699; cosh c (1 — k) = cosh 3.531 = 17.09; 
sinh ¢ (l — x) ='sinh 4.709 = 55.47; and sinh cl = sinh 6.728 = 417.7. 

Substituting in Equation (80): 

3 flat ew (1 — 0.2843) — 5165 (1'— 0.1416) — 953 
0 .00007064 ) 2 
= 18170 — 4485 — 953 — + 17782 ft-kips 

The author gives + 7770 ft-kips.. For a two-hinged stiffening truss with 
the same loading condition, the moment would be 18170 — 4435 — + 8735 
ft-kips. Equations (78) to (82), inclusive, are true for a two-hinged stiffening 


SS a 
36 Mechanical Engineers’ Handbook, by Lionel S. Marks. 1 
37 See Smithsonian Tables of Hyperbolic Functions. 
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truss, if the terms containing 7, and T. are zero. The solutions of 7; and 7: 
as given by the author are quite long and hyperbolic functions can be used 
to advantage. 

In view of the simple formulas that can be developed using hyperbolic 
‘functions for the solution of moments and shearg the writer believes that 
after formulas are written for the various loading conditions, they will be 
used in nearly all cases for the solution of moments and shears for continuous 
or non-continuous suspension bridge stiffening trusses. 

As suspension bridges will be used more and more for either long or short 
‘spans, the simplest, shortest, and yet most exact analysis should be used. 


J. M. Franxuanp,” Esq. (by letter)**—Ingenuity was shown in arranging 
the complicated working formulas of this paper so that they assume the most 
convenient forms for computation. The use of a single function, d, from 
‘which all the hyperbolic-function terms may be derived, and the publication 
of a table of its values (Table 1), are of much practical advantage. 

It should be noted, however, that, to maintain accuracy in the use of d in its 
various combinations, the values of d itself should be known to a higher 
degree of accuracy, to five figures at least. Linear interpolation for inter- 
mediate values of cl in the published table is not sufficiently accurate at low 

-yalues. Therefore, the following interpolation formula is suggested: 


Dy eng en ON Ue Oe ee Ae erate (83) 
2+ dy A(cl) 
in which, Ad is the increase in d due to an increase in ¢ 1 equal to A (ce J), 
and do is the value of d from which the increase is reckoned. The values 
obtained are accurate throughout Table 1 to the nearest figure in the fifth 
decimal place. 

Numerous objections have been raised from time to time with regard to 

the conventional deflection-theory derivation (that is, as given in Article 7) 
of the equation for the component of cable tension due to live load. The 
author® himself has written. 

“Tt should be noticed that two approximations are involved in the fore- 
going [conventional] derivation of the H-equation * * * it is assumed that 
the suspender and cable loading is uniformly distributed over the span; this 
is contrary to the actual condition * * * The second approximation consists 
in writing the original cable sag (f) instead of the augmented cable sag 
(f + ) in the expression for 1 ie i 

A further objection can be made to the calculation of the work of 
deformation in terms of the mean forces acting during the displacement, 
since in a suspension bridge the forces are not linear functions of the 

_ displacement. 

A kinematical analysis shows that Equation (22), the usual formula for 
H, is more accurate than the assumptions involved in its derivation and 
that, in fact, the foregoing objections do not apply to the final equation 

38 Cons. Physicist, New York, N. a's 

28a Received by the Secretary August 9, 1934. 


89 “Modern Suspension Bridges’, by D. B. Steinman, M. Am. Soc. C. H., Second 
dition, p. 252, New York, John Wiley and Sons, 1929. 
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when the towers are hinged at the base. This analysis may be briefly 

sketched as follows: ‘The cable under dead load and normal temperatur 

is assumed to have the form of a parabola. Let ¢ be the angle to the original. 

eable curve and the a-axis (assumed horizontal). When the temperatur 

alters and live load is. applied, ‘the point, (a, y), of the cable curve is dis-i 


placed to (a’, y’), and ¢ changes to o’.. Let, : 
Fo Ae Doe 
. and, 
Ad ai Phe m fbn viterd ends bar pele Oris ie 


Tf one neglects the change in vertical dimensions of towers and suspenders: 
due to alteration of temperature and stress, as is customary, the stiffening 


truss has the same deflection, 7, as the cable. 
Tf ds is the element of arc in the original cable curve, and. ds’, the cor-' 


responding element of are in the strained cable, 


ER die OEE bes AAU etn sche oi (86) } 
in which, 
bie LEO. Pr ay ede. ci de eee (87) 
ay 


The horizontal projection of the element of strained cable (correct to 
quantities of the second order) is: ; 


. ds’ cos ’ = (1 + «) ds cos (¢ + A®) 
= [1+ «) cos? —A sin Pd] dsi....ceeseeeese (88) 
Tf the cable span, J, increases by AL . 


1 
1+ ars fa 6) e086 — ao sin 6] = dx 
to) x 


l 
={ (1te—Adtang) ds ......... secant (89) } 
‘and, ; ' 
l 
Al af (g°LOA & tan 'p) dese. Lav, see | 
Next, a value of Ad is wanted in terms of known quantities: 
= sing’ = sing + AG cos ¢ eiilee cwiehteede oe (91) 
Also, 
dy 1. dy’ 1 dy a) dn {eae pe dn | 
Se i eee a peer CE Fre — _——_ J = — (|S — ; 
ds’ 1+ eds Ee sees dx ds- Ea erste Likes 008 Oy ae 
Equating: the two values of x and. solving, 
s 
dn 


Ad = — = e tan Ce ce | eee eee , 
rae ret $ (93) 


+, 
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Hence, « — Ad tan d = « sec’ Pp — — ; and, 


dn dy . 
dx dx 
l be d ; 
Al =f Secon Nec hints 4 da: for-ak fares a -(94) 
i) oO dx dx 


It is sufficiently accurate to replace ¢’ by ¢ in the expression for s.. The 
first integral then becomes: 


five 9 ae = us eee Ot et (95) 
f mau AES PNA ae 
in which, 
LA a) 
OT RES Ee Ne ra Pag ee 96 
fngha # 
and, 


On integrating by parts, the second integral gives: 


l I 
f Bhan d fora essere (98) 
ny CHE ORE relic 


Thus, the increase in cable span is given by: 


es alsa 
J = lick ot by = nda niernqeion ber (99) 
E, Ao Pde 
Summing from anchorage to anchorage, S Ate 9.05 cole Kelas and, 


Si Dt. . 
In the case of hinged towers with the same value of H in all spans, 
l 
3 8f 7 dx = H 
Ne oO Ei, Ao 
which is identical with Equation (22). When the towers are fixed, it will 
be satisfactory in ordinary cases to use Equation (100) and interpret H 
as the mean value for the bridge, giving the side spans the weight one-half. 
i. Lhe derivation is not particularly complicated by dispensing with the 
assumption that vertical dimensions are unchanged. ‘The effect of tempera- 
ture is greater than that of suspender elongation under stress combined 
with the shortening in the towers. Considering only the temperature effect 
on vertical dimensions and taking the same coeficient of thermal expansion 
for both towers and cables, Equations (99) and (100) become: 


wi Sex i abo aed, oP AULD 


: 
ayiedet Fiegrencese pBY Magpasteedl wos (101) 
E, Ao aS o 
and, 
Ll 
Sz gy Mea Cn a i me re Na (102) 
ip oO abs 


in which, L is the distance between anchorages. There is little difference 
between the values of H given by Equations (100) and (102), but the latter 
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is a little simpler, since there is no need to calculate the integral, Lt. To: 
take into consideration the effect of elongation of suspenders under stress 
gives one a negligible gain in accuracy at the expense of complication of the | 
formulas and is not to be recommended. 

After obtaining the foregoing derivation independently, the writer found 
that Professor G. G. Krivoshein® had previously made an equivalent analysis 
to apply to the case of the Delaware River Bridge. 

The most satisfactory method of analyzing suspension bridges with tie- 
cables, or with fixed towers, is by the use of Equations (101) and (102). The 
free-hanging tie-cable is completely determined when the change in span 
is known. 

It may not be amiss to point out a corollary to be drawn from the: 
H-equation. The loss of gravitational potential. of the dead load is: 


D> forename SL [nas Vd Si elem (103) 


At normal temperature Equation (103) is equal (by Equation (102)) — 


HA. 


This shows that the center of gravity of the dead load drops in every case 
when live load is applied. Thus, the dead load, as such, does not resist the 
live load deformation. Of course, the initial tension, Hw, in the cable resists 
the live load deformation, but this must be viewed as a secondary (not 
immediate) effect of dead load. Since it is conceivable that other means 
than dead load alone may be used to obtain Hy (such as connecting 
suspenders to the stiffening truss in such a manner as to give zero bending 
moment at an elevated temperature), the writer prefers to call H w the initial 
tension rather than the dead’ load tension. 

The paper represents a distinct advance in the design theory of suspension 
bridges, supplying the engineer for the first time with an accurate means of 
computing the behavior of definite structures of those types the peculiar 
advantages of which have become increasingly apparent as experience in this 
field has developed. The formulas of the deflection theory, however, do not 
exhibit clearly the relations among the essential variables which the designer 
has at his control. For this reason, its use is restricted almost entirely to — 
computing the behavior of designs obtained primarily by other methods. 
This unfortunate condition ,has hindered the economic development of 
suspension bridge design. The inadequacy of the elastic theory has been 
demonstrated clearly; apart from its quantitative inaccuracy, the qualitative 
picture it furnishes is far from true. It is earnestly to be hoped that, 
even at the expense of quantitative accuracy, simpler formulas will be | 
developed on the basis of the deflection theory that will demonstrate directly 
in their form the true functioning of suspension bridges. The problem is 
not an easy one because there are many unexpected traps for the unwary. 


40 “Simplified Calculation Statically Indeterminate , 
G. G. Krivoshein, Prague, the Author 4930. Structures: Appendix”, by 


to “I, which is always a positive quantity at normal temperature. 
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SAND MIXTURES AND SAND MOVEMENT 
IN FLUVIAL MODELS 


Discussion 


By Messrs. R. H. KEAYS, AND F. T. MAVIs. 


R. H. Keays,” M. Am. Soo. ©. E. (by letter)”*.—Flood control of alluvial 
rivers and the accompanying problems of erosion and deposition have been 
studied: extensively in Europe by the use of hydraulic models, and more 
recently in the United States. Much useful information has been obtained 
in this way; but running all through the literature on the subject doubt 
seems to be expressed as to their practical application to the prototypes. 

It is to be inferred that, in problems of erosion and deposition, the 
results obtained are at best qualitative only. In some cases it is supposed 
that the phenomena observed in the model may be reversed in the prototype. 
The difficulties are well explained in various papers published by the Society. 

What is needed now, after so many prototypes have been constructed 
on the basis of experiments with models, is information as to how these 
theoretical deductions check in practice. Whatever conclusions are drawn, 
it is to be noted that no extensive violations of the laws governing the 
natural flow of water in alluvial rivers are permissible. Some of these 
phenomena that might be called laws, may be mentioned offhand. 

The first of these laws the writer conceives to be that, other things being 
equal, the slope of the river tends to be substantially constant at all points 
throughout its course. At first sight, there might seem to be many violations 
of this law, but closer examination will probably show that other things are 
not equal, or that recent geological changes have interfered with the river 
finding its true regimen. 

: The writer has seen this law stated a little differently, in that all river 
slopes tend to become flat as one goes down stream. This is usually true, of 
course, but in this case one speaks of rivers that continually increase in 
volume down stream by the addition of water from tributaries, and, there- 

_ fore, other things are not equal. 

Norn.—The paper by Hans Kramer, Assoc. M. Am. Soc. C. E., was published in 


April, 1934, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows: August, 1934, by Messrs. John Leighly, Paul W. Thompson, and Gerard H. 


33 New York, N. Y. 
2a Received by the Secretary August 1, 1934, 
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On the other hand, the Nile is said to have a constant slope from Assuan 
to the sea. As is well known the Nile has no tributaries in this stretch, and 
there is even a loss from’ evaporation. The foregoing statement is par- 
ticularly true up river from Cairo several hundred miles. The two branches 
of the river in the extensive delta have a somewhat greater slope. 

There are also natural irregularities in the slope of river caused by the 
influence of large. tributaries, especially those of steeper grade carrying much 
“geschiebe”. Such material tends to deposit below the junction with the 
main river on account of the decrease in velocity. The main river then 
backs up enough to erode this material, thus flattening the slope up stream. 

A second law might be stated by saying that all alluvial rivers tend to flow 
in a single channel. ‘Islands are a temporary phenomenon from a long- 
time point of view. They are constantly being formed by cut-offs, but their 
back channels silt up again. 

The writer scarcely dares to suggest a third law because it is such a con- 
troversial matter, namely, that all alluvial rivers tend to meander. In 
general, large rivers ‘tend to form bigger meanders than small ones, but 
specifically each river is a law unto itself in this respect. Among factors 
governing the meanders may be mentioned the size of the river, the quantity 
and character of “geschiebe” carried, relative high and low-water stages, and 
frequency and regularity of floods. Particularly to be mentioned in this 
latter respect is the regular annual flood of the Nile as compared to the 
usual idea of excessive floods of varying intensity at long. intervals. 

‘The writer would suggest also that it might be stated as a law, that all 
alluvial rivers tend to silt up their beds during prolonged low-water periods 
and to flush them at time of flood.. A flood coming after a long period of 
low-water flow “is, therefore, more disastrous. than. it would be. otherwise. 
On account of this tendency of rivers to silt up their beds during low water, 


’ 


and vice versa, it is difficult to establish any flow curves for a river 


that will indicate the flow merely by observing the stage. Such curves must 
be checked frequently. 
~~ ‘When left to themselves, rivers continually change their channels. The 
concave beds are extended: by erosion, thus lengthening the river and flattening 
the slope and decreasing the average velocity. Then, a cut-off is made which 
shortens the river again and restores the original slope. F 
For many years the policy of the Mississippi River Commission has been 
to prevent cut-offs, in consequence of which the river has been lengthened 


‘about 5 per cent. The writer does not recall, however, that any one has. 


mentioned this fact in proposing new cut-offs in the Mississippi. It would 
be quite reasonable to suppose that the river might be shortened as much 
as it has been lengthened without causing any trouble. 


F. T. Mavis,” Assoc. M. Am. Soc. C. E. (by letter)“*—Data presented in 
‘this paper should be helpful in the proportioning of river models with 


33 Assoc. Prof., Mechanics and Hydraulics, The State Univ. of Iowa 
Director in Charge of Laboratory, Iowa Inst. of Hydr. Research, Iowa City, howne a: 


33a Received by the Secretary August 2, 1934. 
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~ erodible beds. Table 1, showing in detail the data obtained in the tests, is 
a contribution to the study of movable bed models. The writer feels, however, 
that the sands used in the tests have been inadequately described by the 
gradation curves plotted on Cartesion co-ordinate paper in Fig. 1. Gradation 
~ eurves plotted on semi-logarithmic paper, or on logarithmic-probability paper, 
give a more accurate picture of the gradation of sands over the entire range 
from fine to coarse-grained sizes. 
The author recognizes three variables as affecting the results of his ex- 
periments, namely, depth, slope, and sand mixture. He states that “except 
for special isolated cases, the study of velocity was purposely not undertaken 
because that is a derived and not an independent criterion, being a function 
_ of depth and slope.” Evidently, the author is tacitly making further assump- 
_ tions: (1) That cross-currents are negligible; (2) that velocity distributions 
(that is, velocity-depth curves) are virtually identical at each cross-section 
of the channel; and (3) that the shape and specific gravity of sand particles 
are the same for each mixture. Apparently, he is using the Chezy formula, 


V = CNRS, to express the relationship between velocity, depth, and slope. 
If the coefficient, C, in the Chezy formula was actually a constant it would, 


of course, be independent of Reynolds’ number, R = Mae Experience seems 
v 


to indicate that, for a given channel, C varies approximately as Rim, in 
which, m = 1 in the range of laminar flow, and m = 4 to 6, or more, 
in the range of turbulent flow. If the coefficient of kinematic viscosity, v, is 
constant this leads at once to the well-known general expression : 


ping preva gms? Me pete 9, (12) 


in which, a = 5 A e: If m = 5, and if k is a function of the roughness 
m — 


of the channel and the coefficient of kinematic viscosity, 


Vi KE REGB occ ce cece eee cots nnseees (13) 


Inasmuch as the slope in a model is equal to the vertical seale distortion 
factor times the corresponding slope in the prototype—if the model is con- 
structed to scale—it will be evident that, with small error, Equation (13) can 
be replaced by the Manning formula: 


see REESE | OI an We re (14) 
n 


~ in which, 7 is the roughness factor. 

The writer computed values of Manning’s n from the data given in 
Table 1 and plotted curves (of which Fig. 16 for Series I is an example) 
for each series, slope, and hydraulic radius. These curves seem to justify 
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the following observations relative to the author’s tests: . 

(1) Within the “zone of usefulness”, as defined by the author, the median 
value of Manning’s n for each series is, as follows: 


Size of grains, Median 
Sand in millimeters value of Manning’s ” 
Dem did.2340 hha ks. 'd01$015.00 ait. te seme. abascne O24 
Ty se ee a, PEO HO TT os a a a reg es 
TUT yee VALS 04 0886.50 SOUL: Lie ake Somes eee 


One-half the number of observations in this zone deviate less than about 8% 
from these values of n. 


8 


x Before Lower Limit 
© In Useful Range 
7 | 4 After Upper Limit 
9 Falling Stage in Useful Range 
A 


Hydraulic Radius in Centimeters 


0 
0.020 0.025 0.030 0.035 0.040 0.020 0.025 0.030 0.035 0.020 0.025 0.030 0.020 0.025 0.030 0.035 
Manning's n 


Fic, 16.—ROUGHNESS COEFFICIENTS FoR RIVER MODELS, SpRizs I. 


(2) After riffles have forméd, that is, above the “upper limit”, Manning’s n 
generally increased sharply to values of the order of 20% above values in 
the zone of usefulness. 


3} 


X Before Lower Limit 

© In Useful Range 

A After Upper Limit 

9 Falling Stage in 
Useful Range 


Hydraulic Radius in Meters 


1 
0.025 0.030 0.035 0.040 0.020 0.025 0.030 0.035 0.015 0.020 0. 
Manning's n 


Fig. 17.—RovGuness CoBnFFICIENTS FOR THE RHINH RIVER. 
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(3) Before general bed movement takes place in channels where the depth 
of flow is greater than 1.5 cm, values of Manning’s n are essentially the same 
as, or somewhat less than, corresponding values in the zone of usefulness. 


Fig. 17 was prepared from data collected by Heinrich Wittmann™ in a 
study of the effect of correction works between Basel, Switzerland, and 
- Mannheim, Germany, upon the bed-load movement of the River Rhine. These 
observations on the Rhine indicate that there is a general increase in the 
value of Manning’s n with an increase in bed-load movement, and they 
would not appear to be at variance with the observations reported by the 
author in Table 1. 


34“‘Der BHinfluss der Korrektion des Rheins Zwischen Basle und Mannheim auf die 
Geschiebebewegung des Rheins’, von Heinrich Wittmann, Deutsche Wasserwirtschaft, 
Heft 10, 11, 12. (Doctor’s dissertation prepared under the direction of Prof. Rehbock and 
Dr. Boss, Karlsruhe, Germany.) 
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LABORATORY TESTS OF MULTIPLE-SPAN 
REINFORCED CONCRETE ARCH BRIDGES 


Discussion 


> 


By CARROLL L. MANN, JR., EsqQ. 


Carrot, L. Many, Jr.,° Ese. (by letter)*.—Following parallel with the 
investigation of concrete arches at the University of Illinois and during 
the first half of 1933, the writer, working under the direction of George E. Beggs, 
M. Am. Soc. C. E., built and analyzed by the deformeter gauge method,” a 
precise celluloid model of a multiple-span arch bridge.” 

The word, “precise”, as applied to these models, has a significant mean-_ 
ing. Throughout the entire analysis of the model various experiments were 
performed on seemingly unimportant details to determine the best methods 
of construction and operation. The work, therefore, served a secondary pur- 
pose in that the results of these observations were recorded as specifications 
for the best possible technique of precise model construction and operation. 


Model of Three-Span Arch Bridge—The continuous concrete structure, 


the model of which is shown in Fig. 28, has three arch ribs each of 27-ft span, 
6.75-ft rise, and is supported by two abutments and two 20-ft piers. Both 
the abutments and the two pier bases are assumed as fixed, and, con- 
sequently, the structure is indeterminate in the ninth degree. For the 
analysis of this model, a floating gauge was attached and carefully oriented 
at the crown section of each of the three ribs and the components of crown 
reactions were determined at these sections as the 1000-lb vertical unit load 
was assumed to move across the structure. There were eight load points 
on each concrete arch rib, spaced 3 ft apart along the horizontal. 


_ NotEn.—The paper by Wilbur M. Wilson, M. Am. Soc. C. E., was presented at the 
Joint Meeting of the Structural Division, Am. Soc. C. E., and the Applied Mechanics 
Division, Am. Soc. M, E., Chicago, Ill, June 29, 1933, and was published in April, 1934, 


Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
1934, by C. B, McCullough, M. Am. Soc. C. Ee es Sere ae 


®Insp., Lock and Dam No. 3, Fayetteville, N. C., Dist. Offi 4 
Wilmingto2, ware y e, N. C., Dist. Office, U. S. Corps of Engrs., 


®¢ Received by the Secretary July 16, 1934. 


1°For explanation of the method, see Transactions, Am. Soc. C. E., Vol. 88 ; 
pp. 1208-1230; also, McCullough and Thayer, “Blastic Arch Bridges”, Chapter win? pe 
11 “Model Analysis of Multiple-Span Concrete Arch Bridge’, by Carroll L. Mann, Jr., 


Thesis presented to Princeton Univ. in partial fulfil 
se eaiat Cholla nincee partial fulfillment of the requirement for the 
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With the components of the forces experimentally determined at each of 
the three crown sections, the structure became statically determinate. These 


forces were then transferred to the abutments and pier bases by means of 


statics and the terminal reaction influence lines so derived. 


Fic. 23.—CELLULOID MODEL or THE THREE-SPAN CONCRETE ARCH RIBS ON SLENDER PIERS. 


ight-hand span of the multiple-arch model, 
gauge, and the anchorage of the arch 
24. 


A clearer detail of the r 
including the microscopes, the floating 
terminal between steel plates, is shown in Fig. 


Fig, 24.—ENpD SPAN OF THE THREE-SPAN CELLULOID MoprLt, SHOWING TESTING 
INSTRUMENTS. 


Comparison of Experimental and Theoretical Results.—Influence lines for 
horizontal, vertical, and moment reactions at the left abutment, A, of 


the three-span structure, for a 1000-lb unit load, are shown in Fig. 25. The 


circles represent the results obtained for the concrete structure by weighing 
the reaction components on very precise lever scales. The thrust lines for 
dead load, as computed both from the model influence values and by theory, 
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4 
are shown in Fig. 25(a). This structure was shaped so that the thrust.line 


for dead load might follow closely the center line of the arch ribs and piers, 
passing precisely through the centers of the arch crowns and the terminals. 
In the theoretical analysis, rib-shortening was taken into account, but not 
pier-shortening. It will be noted that thrust lines determined by model and 
by theory are for the most part almost identical in the arches, separating a 
negligible amount at the end portions. The two lines deviate slightly down 
the piers, the theory following the center line and the model deviating from 
it. The influence lines for reactions at the left base, H, as determined by 
the three methods, are shown in Fig. 26. The thrust lines as computed from 


model and theory for dead load plus one live load are plotted in Fig. 26(a). 


In general, the deviation of the model thrust lines from the theoretical thrust 
lines is small, both for dead load and for dead load plus one live load. 

If Figs. 25 and 26 are compared with Fig. 15 of the paper,.it will be 
noted that the thrust lines determined from the measured reactions on the 
prototype diverge from the theoretical thrust lines in the same direction as 
the thrust lines found from the model test. In no case are the deviations 
from elastic theory of practical importance; but, nevertheless, the agreement 
of the test.of the prototype and of the model in this.divergence of the posi- 
tion of thrust lines from the theory may be significant; and it excites 
some interest. 5 

Conclusion.—The small variations hepweed results obtained by the theory, 
by the model, and by the test of the concrete structure are not of practical 
importance. The differences may be due in part to experimental errors, 
but undoubtedly some of them are chargeable to assumptions made in the 
theory. The theory necessarily includes more assumptions than the model, 
in which Nature itself works automatically, with few limitations. 


t 
4 


| ecuand 


_ AMERICAN SOCEM OF. CIVIL ENGINEERS 
Founded November 5, 1852 


Dis Uso TONS 


Se 


STRESSES IN SPACE STRUCTURES 


Discussion 


By MEssrs. WILLIAM R. Oscoop, L. E. GRINTER, 
AND CHARLES M. SPOFFORD. 


i A 
Witutam R. Oscoop,? Assoc. M. Am. Soc. C. E. (by letter).**—Before read- 
ing this interesting paper it had never occurred to the writer that the equi- 
librium of a set of concurrent forces in space could be established by determin- 
ing the conditions of equilibrium of a set of co-planar forces related to the 
set in space. Professor Constant is to be thanked for calling the attention 
- of American engineers to the method. 
3 The convenience of the method is so great that a study of the fundamentals 
from a slightly different point of view may be desirable. The following 
derivation, which seems simpler than Professor Constant’s presentation, may 
be helpful to others in understanding the method.’ 

Let O in Fig. 1 represent the joint of a structure in space, and let By 
represent one of a system of forces, Fs, Fe, Fs +++) Fn, acting at O. Each of 
these forces may be replaced by a horizontal force (reversed in the diagram) : 


F’ = F cos ree er eter DOG 
anywhere in a vertical plane parallel to F’, a vertical force, 
= Hein Sal theh SA Ri Sc MR IZ) 


in a plane containing F’ and with the line of action ‘at such a distance, d, from 


O that, 
Hep a ETE ES) 


and a horizontal couple, 


fg Foes MRSS. ENE ts eR) 


By adjusting the values of d and So, the distances, h and b, respectively, 
may be taken at pleasure. Tf all the distances, h, measured vertically, are 


Norn.—The paper by F. H. Constant, M. Am. Soc. C. E., was published in May, 1934, 
Proceedings. This discussion is printed in Proceedings in order that the views expressed 
may be brought before all members for further discussion. 
3 Materials Testing Engr., National Bureau of Standards, Washington, D. Cc! 
30 Received by the Secretary May 81, 1934. 
also, ‘“‘Graphische Statik riumlicher Kriiftesysteme”’, von R. Vv. Mises, 


4 See, 
Zeitschrift fiir Mathematik und Physik, Vol. 64, 1917, D. 209. 
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taken the same for all the forces of the given system, then F’,, F’s, Fs, ;., F'n 
form a co-planar set; and by choosing, suitably, the distances, D,, be, bs, vay bn, — 
measured horizontally perpendicular to F:, F2, Fs, .., F'n, respectively, it is pos-— 
sible to assure equilibrium of the co-planar set. Since the forces, F’, are 
planar projections of the forces, F, which are in equilibrium, the resultant of 
the forces, F’, cannot be a force; and if the condition, 


SWAG. SAL 2a ee eee 


can be satisfied, the resultant will not be a couple. Equations (9), (6), and 
(7) give, 


Risa? tats dine a aevanee eae (11) 
R 
and this valuc of b substituted in Equation (10) gives, 
SF 88 ton ge oe ee (12) 
R 
Now, if So in each case is adjusted so that the ratio, 2 = a = constant, for 


each force, and b is then taken as b = a tan ¢ (Equation (4)), Equation (12) 
becomes, 


Wicd Fete 220 Se a 0 aweiane in oS (18) 


Equation (13) is seen immediately to be satisfied since 3 R is the vertical 
component of the resultant of the given system of forces, F,, F., Fs, .:., Fn, and 
these forces are in equilibrium. The set of forces, F%, ES) FG, aE gee 
obtained as indicated now form a co-planar, non-concurrent system in equi- 
librium which may be solved in any convenient manner. The forces, F’, are 
then obtained from Equation (6). 


L. E. Grinrer,’ Assoc. M. Am. Soc, OC. E. (by letter)**—An ingenious 
method for reducing the analysis of stresses in space structures to the problem 
of stress calculation in a plane is offered by Professor Constant. His ex-— 
planation of this procedure is stated so clearly, in the simplest terms of 
mechanics, that one should have little difficulty in following the argument. 
The method should appeal particularly to those practicing engineers who, - 
because of continual association with planar structures, prefer not to think 
in terms of stresses in space. The method possibly would have less appeal 
to the young engineer who has been thoroughly grounded in the study of 
stresses in three dimensions. 

The problem of the analysis of a space structure cannot be solved by a 
standardized procedure in the manner of a simple roof truss or bridge truss. 
The explanation lies in the fact that there are many more types of space 
structures than there are types of planar structures, Of the determinate 
type alone there is the possibility of widely varying arrangements of reactions 
and of innumerable bar patterns giving rise to a pedestal, tower, dome, or 


° Prof., Structural Eng., Agri. and Mech. Coll. of Texas, College Station, Tex, 
5@ Received by the Secretary July 6, 1934. 
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~ envelope. Perhaps of greatest significance in this connection is the distinc- 


tion between those types that may be analyzed by simple equations and those 
that require simultaneous equations. 


Based on the foregoing distinction, the example analyzed by the author 


_ should be classed as a simple type of space structure because simultaneous 
equations are not involved. Referring to Fig. 2, one will note that at 


Joint 2, Members 1-2, 2-1’, and 2-2’ all lie in a single plane and, therefore, 
the component of the stress in Member 2-3 taken perpendicular to Plane ~ 
1/-2/-2-1 must equal the component of the 1000-lb load perpendicular to the 
same plane, which shows the stress in Bar 2-3 to be—400 lb. At each of 
Joints 1, 2, 8, and 4, two such simple resolutions of forces make, it possible 
to determine all stresses in the members of the top ring and in the sloping 
diagonals. With the stresses in the diagonals known, one can calculate the 
stresses in the members of the bottom ring and the values of the reactions by 
resolving forces in three directions at J oints 3’, 2’, 4’, and 1’, in succession. 
Simultaneous equations are not required. 

The writer is not certain exactly to what extent this procedure is simplified 


by the theory of conjugate forces presented by the author. Possibly the main 


advantage from the common viewpoint would be the reduction of the 
analysis to a problem in planar graphics as illustrated by Fig. 3. Maxwell’s 
diagram is used so widely by practicing engineers and even by undergraduate 
students, that the analysis of the space structure by the use of a graphical 
procedure similar to the Maxwell diagram would be certain to prove 
attractive. 


Fig, 4.—LoADS AND DIMENSIONS FOR PEDESTAL. 


The writer has been interested in the study of space structures of a 
more complex type than that illustrated by Fig. 2. The space sketch of 
Fig. 4 shows a pedestal quite similar to the one analyzed by Professor 


< a 6 -, BR ghd hE: 
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Constant, but which is far more difficult to analyze by the procedure us 
by the writer. It will be noticed that there is no starting point for stress 
calculations at any joint of the upper ring, because at each joint there are 
only two unknown stresses that lie in a single plane. At the base it is possible to 
calculate directly the three horizontal reactions needed for stability, but the 
four vertical reactions are not determinable except in connection with 
the bar stresses. 


TABLE 1.—Sonution or StmuLtTaNgEous Equations 


ae 
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A check upon the number of joints, bars, and reactions shows that 
there is a total of twenty-four reactions and bar stresses and eight joints. 
Since three equations of statics are available at each joint, the structure is 
statically determinate. A number of procedures might be adopted for the 


~ calculation of stresses, but the following seems to the writer to be as simple 


as any. The reactions will be calculated first, the value of R; from Fig. 4 : 
being given the unknown value, V. The entire structure is treated as a free 
body; thus 3 Fy = 0; R, — 3000 = 0; Rs = + 3000; and, from 3M = 0 
about R; as an axis: 15 000 — 60000 + 30 R, = 0, hence, R1 = + 1500 and 
R; = — 2500. Assume that R; = + V, and then one obtains: 
> Mop = 0; 30000 + 90/000 230. V — 80 Ry = 0 Rs = 4000 — V 
S Mac = 0; 380 000 — 40 000 + (120.000 — 30 Vy) 30 Rs = 0; Re = V — 38 666 
S May = 0; 30000 + 9000) S30" V— "30 ke l0F Rk, = 1666 — V 
33 ie 2000 + V + (4000 — V) + (V — 3666) + (1 666 — V) 
= 0 (Check) 

From a study of the equations, 3 Fz = 0 at Joints F, G, and H, it 
becomes clear that the stresses in the following pairs of members are equal: 
AF and BF, BG and CG, and CH and DH. There are only eight unknown 


+ 1916 Ib 


023 4433 


Fic, 5._-STRESSES IN MEMBERS OF PEDESTAL. 


bar stresses and the unknown reaction, V, at Joints B, CG, and D. The nine 
simultaneous equations that can be written for these joints are sufficient 
for the evaluation of these unknowns. The proper equations based upon the 
assumptions that all members are in tension and that the positive directions 
are upward, backward, and to the right, are given in the first nine lines of 
Table 1. The right-hand term of each equation is zero. Coefficients are 
determined from the projected lengths of the members. The solution of 
these simultaneous equations is accomplished by means of the combined equa- 
tions given in Table 1, Lines 10 to 22, inclusive, whereas the final stresses 
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are found in the last line of the table. With the stresses from Table 1 
known, one can easily determine all other stresses in the pedestal as are 
shown in Fig. 5. These stresses, computed entirely by use of an 8-in. 
slide-rule, are not exact, but are quite accurate enough for design purposes. 

The analysis of this pedestal by the method of conjugate forces is not 
as simple as might be expected. Fig. 6 shows a plan view of the structure 


D Cc 


Constant a = 5'0"' 


F, =3610 Ib 
33° 40' Downward 


| B 

FIG, 6.—PLAN OF PEDESTAL SHOWING CONJUGATES FOR JoINT JZ. 
with the conjugate forces corresponding to Joint E in place, based on an 
arbitrarily selected value of 5 ft for the constant, a. Loads P, and Ps; 
from Fig. 4 have been combined into the force, F., in order to simplify the 
conjugate forces. Of course, the six conjugate forces shown form a system 
of planar forces in equilibrium; but, since there are four unknowns that 
intersect only in pairs, a direct solution of any one is impossible. Hence, 
simultaneous equations appear to be necessary. 

Undoubtedly, one could introduce the conjugate forces for all other joints 
and then obtain a solution by simultaneous equations, but the writer is not 
certain as to just how this is best accomplished. In his own calculations, he 
was able to reduce the analysis to the solution of nine simultaneous equa- _ 
tions involving the forces at Joints B, C, and D only. It is clear that a 
study of Joints H, F, G, and H would involve thirteen unknowns and would 
not permit of a solution by means of the twelve equations available. Hence, 
in any method it would seem necessary to tie in the analysis with the lower — 
joints of the structure. Professor Constant would perform a service if he 


¢ 
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would be willing to present his own solution of this problem by the method 
of conjugate forces. Unless some device such as the use of substitute mem- 
bers can be found that will reduce the number of simultaneous equations 
to less than nine, the writer doubts that there would be any simpler analysis 
than the one herein presented. Any one who has attempted the solution of 
nine simultaneous equations by an ordinary slide-rule would welcome any 
method of reducing the number of simultaneous equations involved. 

The pedestal of Fig. 4 was chosen by the writer for study, because he 
considers it a practical type of structure for the support of oil-fractionating 
towers and other such industrial apparatus. It offers advantages over the 
pedestal analyzed by the author in that all joints involve a symmetrical 
arrangement of members producing the maximum simplification of members 
and gusset-plates. There is also the advantage that all compression 
diagonals are of equal length and as short as possible. Because of the fact 
that only two members meeting at an upper joint, such as Joint G, lie in a © 
single plane, the joint details of such a riveted structure would need careful 
study, but it is obvious that the pedestal could be constructed quite simply 
by welding. Where speed of erection is an important factor, the framed 
steel pedestal should undoubtedly be used in place of the circular concrete 
chimneys or rigid frame towers that have been widely used for the support 
of industrial equipment. The high wind stresses and large vertical loads 
involved could be resisted more economically by a framed pedestal of either 
the type analyzed by the author, or of the type suggested herein. The explana- . 
tion is found in the fact that wind force is resisted by direct stress and that 
the flared pedestal can be given an adequate base without the need for long 
beam supports at the top. The fact that the major stresses are statically deter- 
minate is also an item of importance. Professor Constant has performed a 
real service by calling the attention of designing engineers to the fact that 
statically determinate space structures are available for their consideration 
and that the analysis of these structures need not be particularly complex. 


Onartes M. Sporrorp,’ M. Am. Soo. C. E. (by letter)*—An interesting 
addition to the limited amount of material available in English relating to 
space frameworks, has been presented by Professor, Constant, and the graphi- 
eal method proposed by him is a convenient means of determining the 


‘stresses in such structures. The writer prefers analytical instead of graphi- 


eal methods for determining stresses in most structures, including space 
frameworks, inasmuch as such methods are generally quicker and more pre- 
cise. Moreover, when the computations are properly organized and directed 
they can be applied to the most complicated structures by inexperienced 
draftsmen and computers who can perform the necessary numerical work 
without knowing the underlying principles. 

In his conclusions Professor Constant has under-estimated the prevalence 
of space frameworks in the United States. Common types of such struc- 


tates eit a a ee a ee 
@ Hayward Prof. of Civ. Eng., Mass. Inst. Tech., Cambridge, Mass.; Cons. Engr. 


(Fay, Spofford & Thorndike), Boston, Mass. 
8¢ Received by the Secretary July 17, 1934. 
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tures are the combination of chords and lateral bracing in curved chord 
trusses and particularly in continuous bridges and arches, bridge-erection. 
travelers, and water tank towers. The Schwedler dome, which is the most 
complicated of such structures, is not often built in the United States, 
although it has been used. Several important domes of this type, however, 
have been built elsewhere. Transmission towers also frequently require 
analysis as space frameworks. 

It is comparatively simple to carry through the necessary computations 
by applying the following self-evident theorems’ which, so far as the writer 
knows, were first formulated by himself: 

Theorem (a): If several bars of any framework meet at a joint and all but 
one lie in the same plane, the component normal to this plane of the stress 
in that bar which does not lie in the plane will equal the algebraic sum of 


the components normal to the same plane of all the outer forces which may 
be applied at the joint under consideration. 


Theorem (b): The moment of any force or bar stress acting in a given 
plane about an axis lying in that plane equals zero. It follows that the stress 
in any bar of a space framework may be determined by the method of 
moments in the same general manner as in the case of a planar structure; 
that is, if a section can be taken cutting a number of bars, all of which 
except bar “a” pass through or are parallel to a given axis, the stress in bar 
“a” may be found by applying SM = 0 about that axis of all the forces acting 
on the portion of the structure isolated by the section. 


Theorem (c): At any joint at which no outer force is applied, and at which 
the stresses in all bars but two have been found to be zero, the stress in each 
of these two bars will also-be zero, provided the two bars do not lie in the 
same straight line. 


Theorems (a) and (c) are most useful since, when combined with the 
equations of statics, they permit the determination (without computations) of 
’ the bars in which the stress due to any given load is zero, thus simplifying the 
computations greatly. . 

Structures of the Schwedler dome type, chosen by the author for illustra- 
tion, may or may not be statically determined depending on the pre-establish- 
ment of reaction directions. The writer has presented elsewhere* a method 
of investigating the statical condition of such structures. Engineers attempt- 
ing to solve the ring stresses in one of these structures without first assuring 
himself that it is statically determined are certain to obtain inconsistent 
and disappointing results. 

It would be helpful if Professor Constant would elaborate the method of 
conjugate forces to show its application to a Schwedler dome having more 
than one story and more than four sides. 


7™“Theory of Structures,” by Charles M. ( iti 
McGraw-Hill Book Coo Ne, f Sets Spofford, M. Am. Soc. C. E., Third Edition, 
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WAVE PRESSURES ON SEA-WALLS AND 
BREAKWATERS 


Discussion 


By CHARLES E. FOWLER, Esq. 


Cuartes E. Fowter,” Esq. (by letter)**—The detailed solution of wave 
pressures on engineering structures is very important and timely, and should 
lead to more careful designing of them. The use of a factor of safety of 
2 is usually ample, as is used in other foundation work, but where the 
fundamental data are not complete or reliable, a larger factor should be 
used. The writer has found that Captain Gaillard’s formulas’ are not 
always representative of the actual facts encountered. Thus, in the Gulf 
hurricane of 1915, waves higher than 12 ft were generated by the fetch: 
of about 20 miles across Lake Borgne, in Louisiana, and in a similar case 
at Corpus Christi, Tex., where about the same fetch generated ‘similar waves 
which destroyed everything in front of them. 

The waves of oscillation which occur out in the ocean have little destruc- 
tive force except as they are encountered by ships plowing through them. 
When waves reach shallow water, however, they begin to break, and become 
the destructive waves of translation with which the engineer is concerned 
jn the design of shore structures. Another factor is presented in such cases 
by storm tides, which in the case of the 1915 hurricane reached 9 ft at 
Rigolets, La., and 13 ft at the west end of Lake Pontchartrain. Such 
tides raise the elevation of the point of application of the force of the 
waves, and thus greatly increase their overturning effect. 

The actual maximum wind velocities are usually not easily obtained, 
but, of course, they are a vital factor of design. Those given in the paper 
are certainly much lower than those that often occur’ For example, in the 
4915 hurricane, the maximum velocity reached 140 miles per hr, and while 
this was only in gusts the sustained velocity was well over 100 miles per 
hr. The wind velocities on the Pacific Coast, from south of the Columbia 


Notn.—The paper by David A. Molitor, M. Am. Soe. Cc. E., was published in May, 
1934, Proceedings. This discussion is printed in Proceedings in order that the views ex- 
pressed may be brought before all members for further discussion. 

10 Cons. Engr., Lansing, Mich. 

10@ Received by the Secretary July 20, 1934. 
2 Professional Papers No. 31, U. S. Corps of Engrs., 1904. 
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River north to Cape Flattery, often reached 90 miles per hr, and this was 
the velocity used by the writer in designing the foundation for the Tacoma, 
Wash., smelter chimney, which was about 600 ft high and which rose to a 
height of about 700 ft above Puget Sound. 

The application of the wave force is at a point above the surface of 
the water, as shown by the curves accompanying the paper, and these agree 


well with the curves developed in Italy, and for the harbor work at Halifax, 


N. S., Canada.” 

The greatest errors occur in the actual design of the structures built to 
resist the waves. A vertical surface must resist the full force of the waves, 
and a sloping surface which has less effective force to resist, often results 
in other serious problems to be met. In such cases the waves may dash 
into the air to a height of from 50 to 100 ft, and the tons of water falling 
from such a height may strike the top of a wall with enough force to destroy 
(eventually) a masonry wall of concrete, or the fill or structures back of the 
wall. The curved face of the Galveston sea-wall was designed to throw 


the water back into the Gulf, which it would do if it was high enough, but 
a much more scientific method might have been adopted. When the Seattle 


tide-flats were filled, the front of the fill was protected by a brush bulkhead, 
30 ft high, with the butts of the fir brush from 2 to 4 in. in diameter 
outward, and on a 1:1 slope. In the most severe storms, with a wind 
velocity of more than 60 miles per hr, the waves would dash against these 
brush butts, break up completely, and fall back “dead” into the water. The 
.concrete sea wall at North Beach, San Francisco, Calif., had a rough carne 
exterior which accomplished the same result.” 

Such designs are only another application of the design of the hydraulic 


jumps used to kill the force of the water issuing from the impounding or 


flood-control dams at Dayton, Ohio. The design of other structures to resist 
wind and wave action should be studied to reduce the exposed surface. In 
one large bridge structure it was found possible to reduce the exposed sur- 


face which had to oppose both wind and waves by a full 50%, by using — 


circular compression members, eye-bar tension members, and lattice floor- 
beams and stringers. The savage tribes discovered these methods from 
practical experience as witnessed by the teepee of the American Indians, 


and in: the circular and domed houses of Asiatic towns built to resist the — 


winds and sand storms which blow with great violence. 
The mathematical solutions presented in the paper are fraxtliy of the 
authority presenting them, but too often the young or inexperienced engineer 


becomes lost in a maze of mathematical formulas, and fails to sense the best 


practical application of them. Models may’ be used in laboratory channels 
or wind tunnels to discover the best forms and as a means of avoiding costly 
errors. Each problem has its peculiar features, and the solution is often 
hampered by the materials available, but the best design can always be 
reached by a careful study of all the features and conditions involved. 


4 “World Ports and Harbor Data”, by Charles E. Fowler. 
4 “Ideals of Engineering Architecture”, by Charles EB. Fowler. 
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